Introduction {#s1}
============

Speech is a highly complex motor skill which requires precise and fast coordination between vocal, facial and respiratory muscles. Human infants learn to reproduce adult vocalizations and to progressively master speech motor coordination within their first few years of life through an imitation process that builds up on motor sequence learning and strongly relies on auditory feedback ([@bib50]). This process, called vocal learning, is widely believed to rely on similar mechanisms as sensorimotor learning in general ([@bib20]; [@bib50]). The neural mechanisms underlying this process remain, however, poorly understood. Brain circuits known to be essential for sensorimotor adaptation and learning, namely the basal ganglia-thalamo-cortical loop ([@bib49]; [@bib69]) and the cerebello-thalamo-cortical loop ([@bib13]; [@bib44]), are both crucial for vocal learning in humans ([@bib88]; [@bib97]). The anatomical structure of these circuits and their function in sensorimotor learning are well conserved over vertebrate evolution ([@bib35]; [@bib76]; [@bib81]). In particular, avian song learning has been used as a paradigm to study the neural mechanisms of vocal learning, as it shares striking similarities with human speech learning (reviewed in [@bib20]).

The basal ganglia-thalamo-cortical network is involved in sensorimotor learning in several species, from lamprey to primates ([@bib36]; [@bib80]; [@bib93]). The basal ganglia are thought to rely on reward prediction error signals conveyed by dopaminergic neurons ([@bib31]; [@bib78]; [@bib92]) to drive reinforcement learning strategies ([@bib21]; [@bib82]). In songbirds, a specialized circuit homologous to the motor loop of the mammalian basal ganglia ([@bib58]; [@bib19]) is critical for song learning in juveniles and plasticity in adults ([@bib11]). This circuit is thought to correct vocal errors through reinforcement learning driven by an internal song evaluation signal conveyed by dopaminergic neurons ([@bib26]; [@bib31]; [@bib37]).

The cerebello-thalamo-cortical circuit also participates in sensorimotor learning in vertebrates, from fishes to primates ([@bib13]; [@bib34]; [@bib54]). It is believed to implement error-based supervised learning ([@bib3]; [@bib39]; [@bib48]; [@bib57]; [@bib75]) based on an error prediction denoting a mismatch between sensory prediction and actual sensory feedback ([@bib21]; [@bib22]). The cerebellum also drives on-line correction during movements building on the same sensory error prediction ([@bib87]) and controls the duration of movements and its prediction during sensorimotor learning ([@bib18]; [@bib27]; [@bib44]). The existence of a pathway from the cerebellum to the song-related basal ganglia has been suggested by previous anatomical studies in songbirds ([@bib70]; [@bib89]; [@bib63]), but whether cerebellar circuits are involved in avian song learning and production remains unknown.

Beyond the indirect interaction via their respective loop with thalamo-cortical and brainstem networks, the basal ganglia and the cerebellum interact via a subcortical disynaptic pathway through the dentate nucleus, the motor part of the thalamus - more precisely the ventral anterior and ventral lateral nuclei of the thalamus in monkeys, and the centro-median nucleus of the thalamus in rodents - and the striatum ([@bib9]; [@bib17]; [@bib38]). The cerebellum and the basal ganglia therefore may not simply act in parallel to shape cortical and brainstem activity during learning. Instead, we hypothesize that cerebellar signals may reach the basal ganglia to drive error correction and reinforcement learning through the same output pathway. We test this hypothesis in zebra finches. We show that (i) cerebellar inputs are conveyed to the basal ganglia in songbirds via the thalamus, (ii) they drive activity in the cortical target of the basal ganglia, and (iii) the cerebellar signals contribute to juvenile song learning, and to the timing of song elements.

Results {#s2}
=======

To test the hypothesis that cerebellar signals are sent to the song-related basal ganglia circuits and that the cerebellum participates in song learning, we performed the following experiments. We first reproduced the anatomical finding by [@bib70] showing that the deep cerebellar nuclei (DCN) send a projection to a thalamic region, which in turn projects to the song-related basal ganglia nucleus Area X. We then recorded responses to DCN electrical stimulation in Area X and its cortical targets and determined the nature of the neural pathway involved with pharmacological manipulations. Finally, we looked at the impact of lesions in the DCN on acoustic and temporal features such as syllable fundamental frequency, amplitude and duration, and compared song learning ability in juvenile finches following DCN or sham lesions.

Anatomical connections exist from the DCN to the basal ganglia via the thalamus {#s2-1}
-------------------------------------------------------------------------------

We performed anatomical tracing experiments to confirm the previously reported ([@bib70]) indirect connection from the DCN to the song-related basal ganglia nucleus Area X, via the dorsal thalamic zone (DTZ). In a first set of experiments (n = 2 birds), we used two bidirectional tracers (fluorescently tagged dextran) injected both in Area X and the lateral DCN ([Figure 1A--C](#fig1){ref-type="fig"}). We then injected in Area X a retrograde tracer captured by synapses, Cholera-toxin B, while a bidirectional tracer (fluorescently tagged dextran) was injected in the lateral DCN (n = 1 bird, [Figure 1D--G](#fig1){ref-type="fig"}). In the cerebellum, the concomitant labeling of DCN and Purkinje cells indicated the proper location of the injection sites in the DCN ([Figure 1D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). As illustrated in both examples ([Figure 1B,C,E and F](#fig1){ref-type="fig"}), we found fibers labeled with the DCN-injected tracer in DTZ, posterior to the thalamic nucleus involved in song learning and production, the dorsolateral nucleus of the anterior thalamus (DLM). This provides evidence of axonal projections from the lateral DCN neurons to this region. Within the same DTZ area, cell somata of thalamic neurons were labeled with either the bidirectional or retrograde tracer injected in Area X ([Figure 1B,C,E and F](#fig1){ref-type="fig"}). We observed a close association between the two types of tracers with anterogradely-labeled fibers making putative contacts on retrogradely-labeled cell bodies ([Figure 1G](#fig1){ref-type="fig"}). This observation suggests that neurons in the lateral DCN project to DTZ thalamic neurons, which in turn project to Area X.

![Anatomical connection between DCN and Area X.\
(**A**) Injection sites of Dextran Alexa 488 (green, top panel) and Dextran Alexa 594 (magenta, bottom panel, sagittal sections). Dotted line delimits Area X (top panel). Scale bar: 100 µm. (**B**) Labelling in the dorsal thalamic zone (DTZ) showing efferent cerebellar fibers (magenta) and cell bodies of neurons in DTZ (green). Large labelling of efferent fibers from Area X nucleus was also found in DLM, as the tracer is anterogradely and retrogradely transported. The dotted line in B delimits nucleus DLM, while the white square indicates magnification location for C. The large dotted line delimits the brain slice contour. Scale bar: 100 µm. DLM: dorsolateral nucleus of the anterior thalamus. (**C**) Magnification of the dorsal thalamic zone. Cerebellar fibers are labelled in magenta, and somata are labelled in green and indicated with arrowheads. Scale bar: 100 µm. (**D**) Injection sites of cholera toxin B in Area X (green, left panel) and Dextran Alexa 594 in DCN (magenta, right panel). Dotted lines delimit Area X (left panel) and all three DCN (right panel). The large dotted line delimits the brain slice contour. Retrograde labeling of Purkinje cells projecting to the DCN targeted by dye injection can be observed (right panel, arrowheads). Scale bar: 100 µm. (**E--F**): Close contacts were observed in the dorsal thalamic zone (DTZ, scale bars: 100 µm). The dotted line in E delimits nucleus DLM, while the white square in E and F indicates magnification location. Efferent fibers from Area X in DLM appear as diffuse green labeling in this nucleus, while green cell somas in DTZ reflect afferent neurons. Magenta-labeled fibers from the DCN surround Area X-projecting neurons in DTZ. (**G**): Three examples of close contacts between fibers from the DCN (magenta, middle panel) and soma of neurons projecting to Area X (green, left panel) in DTZ. Each panel in G corresponds to a magnification of squares indicated in F. The merge suggests an anatomical connection (right panel). Scale bar: 2 µm. (**G**) Injection sites of Dextran Alexa 594 in DTZ. The large dotted line delimits slice contours, and the dotted circle represents DLM. Scale bar: 100 µm. (**H**) Two examples of retrograde labelling in the lateral DCN following DTZ injection showed in G. Both examples are from the same animal, at two different depths. (**I**) Arrowheads indicate DCN cell soma labelled. The dotted line delimits the lateral DCN contours. Scale bar: 20 µm (**J**) Example of anterograde labelling in Area X. Only fibers (but no soma) were observed in Area X after DTZ injection. Scale bar: 2 µm.](elife-32167-fig1){#fig1}

We also injected bidirectional tracers (fluorescently tagged dextran, n = 2 birds) in DTZ ([Figure 1H](#fig1){ref-type="fig"}). In the cerebellum, retrograde transport of the tracer was confined to large cell bodies within the DCN ([Figure 1I](#fig1){ref-type="fig"}). These large cells likely correspond to the large glutamatergic DCN output neurons that project to premotor areas. Labeled cell bodies were located for the most part in the lateral DCN. We did not find dorso-ventral distinction in the labelling of the lateral DCN, suggesting that the projection from the lateral DCN to DTZ is not topographically organized ([Figure 1I](#fig1){ref-type="fig"}). Some neurons in the *interpositus* nucleus were also labeled (results not shown). This suggests that, even if the projection from the cerebellum to DTZ largely comes from the lateral DCN, the *interpositus* may also be partially involved in this cerebello-thalamic projection. Regarding the anterograde transport of tracers injected in DTZ ([Figure 1H](#fig1){ref-type="fig"}), we found many labeled axonal fibers in Area X, confirming the direct projection from DTZ to Area X ([Figure 1J](#fig1){ref-type="fig"}).

Thus, as already suggested in a previous study ([@bib70]), we found anatomical evidence for a disynaptic connection between the cerebellum and the song-related basal ganglia Area X: the lateral DCN sends projections to DTZ which in turn projects to Area X. Importantly, these anatomical results have been replicated very recently, confirming the existence of the DCN-DTZ-Area X pathway ([@bib63]).

The connection from DCN to basal ganglia is functional {#s2-2}
------------------------------------------------------

We then determined whether this DCN-DTZ-Area X pathway drives activity within the basal ganglia. To this end, we investigated the responses evoked by DCN electrical stimulation in Area X neurons in anaesthetized zebra finches. To this end, we investigated the responses evoked by DCN electrical stimulation in Area X neurons.

Most neurons are silent or display very little spontaneous activity in Area X under isoflurane anesthesia, whereas a minority of them displays high spontaneous activity (\>25 spikes/sec, see Materials and methods). These spontaneously active neurons are most likely pallidal-like neurons ([@bib53]; [@bib71]). Hereafter, this population of neurons, at least some of which are Area X projection neurons ([@bib32]; [@bib53]), will be referred as pallidal neurons. DCN stimulation provoked a strong increase in the firing rate of pallidal neurons, as illustrated in [Figure 2B](#fig2){ref-type="fig"}. When a response was evoked by single-pulse stimulation in at least one pallidal neuron in Area X, all subsequently recorded neurons were also responsive to the stimulation. However, their response profile at a given intensity differed from one another. This diversity of response profiles could be classified as follows: single excitatory responses (observed in 71% of case, [Figure 2C](#fig2){ref-type="fig"}, two last bottom panels 0.2 and 0.5 mA), biphasic responses with excitation followed by inhibition (observed in 19% of case, [Figure 2C](#fig2){ref-type="fig"}, middle panel 1 mA), or triphasic responses with a rapid inhibition followed by an excitation and a late inhibition (observed in 10% of case, [Figure 2C](#fig2){ref-type="fig"}, top panel 2 mA). Interestingly, different response profiles were found in the same neuron depending on the stimulation intensity used: higher stimulation intensity induced biphasic or triphasic responses, while lower stimulation intensity only caused excitation. Previous studies have shown that excitatory inputs to Area X can drive such biphasic or triphasic responses in pallidal neurons due to feedforward inhibition mediated by local Area X inhibitory neurons ([@bib53]). The response latencies between the onset of the stimulation pulse and the onset of the excitatory response (see Materials and methods) were broadly distributed from 10 to 50 ms (20.80 ± 4.56 ms, median: 21 ms, [Figure 2D](#fig2){ref-type="fig"}). While short latency responses (10--20 ms) can be naturally explained by a disynaptic excitatory transmission from the DCN to Area X through DTZ, biphasic and triphasic responses involve longer latencies to which feedforward inhibition within Area X likely participates. Indeed, fast feedforward inhibition within Area X can delay the response of pallidal neurons to their excitatory inputs ([@bib53]), as it is the case in the mammalian striatum ([@bib55]). Altogether, these results show that stimulation of DCN neurons can drive the activity of pallidal neurons in Area X, confirming that the latter receive a functional input from the cerebellum.

![Deep cerebellar stimulation elicits strong excitation in pallidal cells of Area X.\
(**A**) Diagram of the song system in songbirds. In all song system diagrams in [Figures 2](#fig2){ref-type="fig"}--[6](#fig6){ref-type="fig"}, we highlight nuclei involved in the experiment reported on a given figure in color, while other song system nuclei are in grey shades. The colors used are different for each pathway: red for the song-related **basal ganglia**-thalamo-cortical circuit composed of the basal ganglia nucleus Area X, the thalamic nucleus DLM, and the cortical nucleus LMAN, green for the cerebello-thalamo**-basal ganglia** circuit through the DCN and DTZ, and black for the motor pathway composed of HVC and RA. Here, stimulations were performed in the DCN during the recording of pallidal neurons in Area X. HVC: used as a proper name, RA: robust nucleus of the archopallium, LMAN: lateral magnocellular nucleus of the anterior nidopallium, DLM: medial portion of the dorsolateral nucleus of the anterior thalamus, DTZ: dorsal thalamic zone, DCN: deep cerebellar nuclei. (**B**) Twenty superimposed extracellular recording traces around DCN stimulation show the increase in the number of spikes produced by a representative pallidal neuron following DCN stimulation (grey rectangle) compared to baseline firing. (**C**) Peri-stimulus-time-histograms (PSTHs) representing the firing rate of 4 different pallidal neurons around DCN stimulation (time bin: 2 ms). The black horizontal dashed line depicts the mean baseline firing rate and red dotted lines indicate confidence intervals (2.5 SD away from the mean baseline firing rate). Different response profiles are shown: excitation only (the two in the bottom, stimulation at 0.2 and 0.5 mA), biphasic response (second PSTH from top, stimulation at 1 mA), or inhibition and biphasic response (top, stimulation at 2 mA). (**D**) Distribution of response latencies between DCN stimulation and the beginning of the excitatory response (20.80 ± 4.56 ms, median: 21 ms).\
10.7554/eLife.32167.006Figure 2---source data 1.Peri-stimulus time histogram (PSTH) code.This code source was used to build PSTHs in [Figures 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}. Spike train analysis was then performed using Matlab (MathWorks, Natick, MA, USA). We calculated peri-stimulus time histograms (PSTH) of recorded neurons after stimulation. PSTHs were calculated with a 2 ms bin for neurons, or 10 ms to limit bin-to-bin fluctuations in spike count in structures with low firing rate. This code calculate the mean and the standard deviation (SD) of the firing rate over the period preceding the stimulation and the program considered that a neuron exhibited a significant response to the stimulation when at least two consecutive bins of the PSTH were above (for excitation) or below (for inhibition) the spontaneous mean firing rate ±2.5\*SD. The return of two consecutive bins at the spontaneous mean firing rate ±2.5\*SD indicated the end of the response.](elife-32167-fig2){#fig2}

Note added in proof {#s2-3}
-------------------

In the original version of the paper, the stimulation intensities applied in the deep cerebellar nuclei (DCN) to evoke neural responses in Area X were high relative to the intensities typically used in ortho- or anti-dromic functional mapping. The duration of stimulation pulses was also long (1 ms), leading to a high level of total stimulation current. The selectivity of such stimulation may therefore be questioned. To resolve this issue, we have pursued additional experiment to assess the responsiveness of Area X pallidal neurons following low intensity (50-200 µA) and short duration (100 µs) stimulation pulses in the lateral DCN. We show in a new figure ([Figure 3](#fig3){ref-type="fig"} of the present version of the article) that Area X pallidal neurons show strong responses to these low-intensity and short-duration stimulation. Moreover, we provide evidence that even high-intensity (1 mA) and long-duration (1 ms) stimulation, when applied a few hundreds of microns away from the lateral DCN, do not evoke responses in Area X pallidal neurons. Altogether, our additional results confirm that pallidal neurons in Area X selectively respond to the stimulation of the lateral DCN. 

![Area X neurons selectively respond to electrical stimulation of the lateral deep cerebellar nucleus (DCN), even at low intensity.\
Following low-intensity (from 50 to 200µA) stimulation of the lateral DCN through short-duration (100 µs) electrical pulses induces responses in pallidal-like neurons of the song-related basal ganglia nucleus Area X. (**A**) Response to DCN stimulation at various current intensities ranging from 50 to 200 µA in a typical pallidal-like neuron from Area X (100 µs monophasic pulses, represented by dark grey rectangles, while light grey rectangles indicate the \'blind\' period due to stimulation artifact). With each stimulation intensity, we observe an excitation of pallidal-like neurons following stimulation in the lateral DCN. The black dotted line represents the mean frequency of the pallidal-like neuron during the baseline period, and the red dotted line corresponds to 2.5\*standard deviation from baseline. Excitation/inhibition is significant when two consecutive columns are upper/lower than red lines. Time bin: 5 ms. (**B**) 50µA DCN stimulation induces an increased firing rate in pallidal-like neurons. In n=3 neurons recorded in two different birds, we observed a similar increase in activity following 50 µA stimulation (100 µs monophasic pulses, time bin: 5 ms). (**C**) 100µA DCN stimulation induces an increased firing rate in pallidal-like neurons. In n=3 neurons recorded in two different birds, we observed a similar increase in activity following 100 µA stimulation. (100 µs monophasic pulses, time bin: 5 ms). (**D**) Area X pallidal-like neurons do not respond to electrical stimulation outside the lateral DCN. The pallidal-like neurons did not exhibit significant inhibition or excitation when the electrical stimulation was applied away from the lateral DCN even at high intensity (1 mA, 1 ms-long monophasic pulses), neither in the cortex (left panel, coordinates indicated in E by a cross) nor in another DCN (stimulation in interposed nucleus, right panel, coordinates indicated in E by a cross). (**E**) Responses in Area X pallidal-like neurons were limited to stimulation points located in the lateral DCN. Coordinates used to place the stimulation electrode were summed up on two different schemes corresponding to sagittal (left) or horizontal (right) views. Only a few points (n=3) of stimulation induced responses in pallidal-like neurons (red point). Stimulations at other coordinates (black point, n =32 points) did not induce any response. Blue crosses correspond to the two examples showed in D.](elife-32167-fig3){#fig3}

The thalamic region DTZ mediates the cerebello-basal ganglia pathway {#s2-4}
--------------------------------------------------------------------

Our anatomical results suggest that DTZ relays Area X neuronal responses to cerebellar stimulation. To demonstrate this, we blocked glutamatergic transmission in DTZ while monitoring the responses in Area X to DCN stimulation. In mice and rats, the cerebellar projections to the thalamus are mediated by glutamate ([@bib51]; [@bib52]). We therefore pressure-injected a cocktail of AMPA/kainate and NMDA receptor antagonists, respectively 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo quinoxaline-2,3-dione (NBQX) and 2-amino-5-phosphonovaleric acid (APV), to block glutamatergic transmission within DTZ (see Materials and methods, [Figure 4A](#fig4){ref-type="fig"}). [Figure 4B](#fig4){ref-type="fig"} shows an example of the change in the response of a pallidal neuron to DCN stimulation following the injection of glutamatergic blockers in DTZ. As our hypothesis predicts, the excitation that DCN stimulation induced in this pallidal neuron was suppressed following drug injection. We then quantified the change in response induced by glutamatergic blockers in DTZ over the population of pallidal neurons recorded under this pharmacological protocol (n = 16 pallidal neurons in 8 birds). The response strength and peak of the excitatory response (see Methods) were strongly reduced or totally suppressed when we blocked DTZ glutamatergic relay. Mean response strength decreased from 0.55 ± 0.13 spikes at baseline to 0.16 ± 0.04 spikes following drug injection (paired Wilcoxon test, p=3e-004, [Figure 4C](#fig4){ref-type="fig"}), and mean excitation peak decreased from 99 ± 23 Hz at baseline to 44 ± 10 Hz following drug injection (paired Wilcoxon test, p=5e-004). These results confirm that the responses to DCN stimulation in Area X pallidal neurons are relayed by glutamatergic transmission in DTZ.

![Area X pallidal responses to DCN stimulation are transmitted through excitatory synapses in DTZ and Area X.\
(**A**) Diagram of the song system in songbirds, as in [Figure 2A](#fig2){ref-type="fig"}. Recordings were performed in Area X, NBQX/APV were applied in DTZ. (**B**) PSTH (top part) of a typical pallidal neuron before (black), during (red) and after (blue, washout) drug application in DTZ, and their corresponding raster plots (bottom part). (**C**) Population data showing the response strength of pallidal neurons in the three conditions (baseline, drug and washout, n = 16 pallidal neurons in 8 birds, paired Wilcoxon test, p value\<0.001). The red line represents the example shown in B. (**D**) Diagram of the song system, as in [Figure 2A](#fig2){ref-type="fig"}. Recordings were performed in Area X, NBQX/APV were applied in Area X in proximity to the recorded neuron. (**E**) PSTH representing the firing rate of one pallidal neuron, before (black), during (red) and after (blue, washout) drug application in Area X. Baseline activity after drug application (red) sometimes slightly decreases in Area X neurons compared to before drug application (black), but no significant change was observed over all neurons recorded in this condition (see Results). (**F**) Population data showing the evolution of response strength before, during and after drug application (n = 8 pallidal neurons in 7 birds, paired Wilcoxon test, p value\<0.001). The red curve represents the example shown in E. In this figure and the following ones, stars indicate significance level (\*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001).](elife-32167-fig4){#fig4}

Thalamo-striatal projections are glutamatergic in most vertebrates ([@bib79]). It is thus natural to suppose that DTZ neuronal projections excite Area X neurons through glutamatergic transmission in zebra finches. We tested this hypothesis by blocking glutamatergic transmission around the recorded pallidal neuron upon injection of the same glutamatergic blockers as above ([Figure 4D](#fig4){ref-type="fig"}). We indeed confirmed that responses of pallidal neurons to DCN stimulation were abolished by the drug injection ([Figure 4E and F](#fig4){ref-type="fig"}; response strength decreased from 0.8 ± 0.3 spikes at baseline to 0.16 ± 0.05 spikes following drug injection, paired Wilcoxon test, p=0.008, and mean excitation peak decreased from 125 ± 44 Hz at baseline to 30 ± 10 Hz following drug injection, paired Wilcoxon test, p=0.008).

LMAN does not mediate Area X responses to DCN stimulation {#s2-5}
---------------------------------------------------------

We cannot completely exclude that drugs injected in DTZ could diffuse to DLM, which would block a response mediated by the well-known DLM-LMAN-Area X pathway. To rule this alternative hypothesis out, we applied in LMAN the cocktail of AMPA and NMDA receptor antagonists while monitoring pallidal responses to DCN stimulation ([Figure 5A](#fig5){ref-type="fig"}). We found no significant difference in the excitatory response of pallidal neurons to DCN stimulation between baseline and drug application conditions ([Figure 5B and C](#fig5){ref-type="fig"}, n = 12 neurons in 6 birds; response strength was 1.49 ± 0.5 spikes at baseline and 1.34 ± 0.38 spikes following drug injection, paired Wilcoxon test, p=0.5; mean excitation peak was 211 ± 50 Hz at baseline and 200 ± 47 Hz following drug injection, paired Wilcoxon test, p=0.5). While LMAN does not appear to mediate the main response to DCN stimulation in Area X pallidal neurons, it may participate to a reverberation of the responses through the Area X -- DLM -- LMAN loop. In this respect, is interesting to note that all but one pallidal neurons underwent a slight decrease in their response upon glutamatergic blockade in LMAN, possibly reflecting a reduced reverberation in the loop. As the measured response strength only reflects the first peak of excitatory response in Area X, the slow response mediated by the propagation through the loop is unlikely to provide an important contribution to this measure (see Methods). Following each drug injection in LMAN, we verified the efficacy of the pressure injection by moving the drug pipette in the vicinity of the recorded pallidal neuron ([Figure 5C](#fig5){ref-type="fig"}, inset, n = 5 pallidal neurons in 5 birds). During those controls, DCN stimulation response strength decreased from 1.32 ± 0.59 spikes at baseline to 0.35 ± 0.16 spikes following drug injection (paired Wilcoxon test, p=0.008) and mean excitation peak was reduced from 182 ± 82 Hz at baseline to 57 ± 26 Hz following drug injection (paired Wilcoxon test, p=0.02). This confirms that our pharmacological blockades were efficient, and we can therefore rule out a transmission from DCN to Area X through the DLM-LMAN pathway.

![Area X pallidal responses to DCN stimulation are not transmitted through the cortical nuclei LMAN or MMAN.\
(**A**) Diagram of the song system, as in [Figure 2A](#fig2){ref-type="fig"}. Recordings were performed in Area X, NBQX/APV were applied in LMAN. (**B**) PSTH representing the firing rate of a pallidal neuron around DCN stimulation before (black) and during (red) drug application in LMAN. (**C**) Population data showing no change in response strength before and during LMAN glutamatergic blockade (n = 12 pallidal neurons in 6 birds, paired Wilcoxon test, non-significant). The red curve represents the example shown in B. Inset: confirmation of drugs efficiency by applying drugs around the recorded pallidal neuron (n = 5 pallidal neurons in 5 birds, paired Wilcoxon test, p\<0.01). (**D**) Diagram of the song system. Recordings were performed in Area X, NBQX/APV were applied in MMAN, a nucleus projecting to HVC. (**E**) PSTH representing the firing rate of pallidal neuron before (black) and during (red) drug application in MMAN. (**F**) Population data showing the evolution of response strength before and during glutamatergic blockade in MMAN (n = 5 pallidal neurons in 2 birds, paired Wilcoxon test, non-significant). The red curve represents the example shown in E. Inset: confirmation of drug efficiency by applying drug on the recorded pallidal neuron (n = 5 pallidal neurons in 2 birds, paired Wilcoxon test, p\<0.05).](elife-32167-fig5){#fig5}

MMAN is not involved in Area X responses to DCN stimulation {#s2-6}
-----------------------------------------------------------

In songbirds, the DTZ relays projections from the DCN to Area X and is composed of several thalamic regions as described previously by anatomical studies ([@bib70]; [@bib89]). One of these regions, called the dorsal medial posterior thalamic zone (DMP) projects to the medial part of the magnocellular nucleus (MMAN) ([@bib28]; [@bib63]). MMAN is in turn implicated in a pathway ending in the song-related motor nuclei HVC (used as a proper name) and RA ([@bib94]). As HVC projects to Area X ([@bib65]; [@bib66]), we wondered whether the response we observed in Area X could be conveyed through this MMAN-HVC-X pathway. To rule out this possibility, we blocked glutamatergic transmission in MMAN while monitoring pallidal responses to DCN stimulation ([Figure 5D](#fig5){ref-type="fig"}). We found no significant effect of the drug injection in MMAN on the responses of pallidal neurons to DCN stimulation ([Figure 5E and F](#fig5){ref-type="fig"}, n = 5 pallidal neurons in 2 birds, response strength was 1.43 ± 0.24 spikes at baseline and 1.63 ± 0.43 spikes following drug injection, Wilcoxon test, p=0.8; mean excitation peak was 246 ± 110 Hz at baseline and 259 ± 116 Hz following drug injection, paired Wilcoxon test, p=0.4). As previously, we checked the efficacy of the pressure injection through the glass pipette in Area X at the end of each experiment ([Figure 5F](#fig5){ref-type="fig"}, inset, n = 5 pallidal neurons, decrease from 1.33 ± 0.66 spikes at baseline to 0.12 ± 0.06 spikes following drug injection, Wilcoxon test, p=0.03; mean excitation peak decreased from 239 ± 119 Hz at baseline to 35 ± 18 Hz following drug injection, paired Wilcoxon test, p=0.03). This experiment ruled out the possible transmission from DCN to Area X pallidal neurons through the MMAN-HVC-Area X pathway.

In conclusion, the results of our electrophysiological experiments provide strong evidence that the cerebellum is linked to the song-related basal ganglia nucleus Area X through a functional excitatory connection involving a glutamatergic projection from the DCN to DTZ, and a glutamatergic projection from DTZ to Area X.

The cerebellar responses are conveyed to LMAN and RA through the basal ganglia loop {#s2-7}
-----------------------------------------------------------------------------------

In songbirds, Area X is known to be part of the basal ganglia-thalamo-cortical circuit homologous to the motor loop of the basal ganglia-thalamo-cortical networks in mammals ([@bib11]). This basal ganglia-thalamo-cortical loop affects song production and drives song learning and plasticity via its projection to the premotor nucleus RA ([@bib5]; [@bib10]). In the following experiments, we tested whether the responses observed in the pallidal neurons after DCN stimulation were conveyed to the output nucleus of the basal ganglia-thalamo-cortical loop, LMAN, and its efferent premotor nucleus RA ([Figure 6](#fig6){ref-type="fig"}).

![LMAN and RA neurons display responses to DCN stimulation.\
(**A**) Diagram of the song system, as in [Figure 2A](#fig2){ref-type="fig"}. Neuronal activity was recorded in LMAN during DCN stimulation (**B**) Example response in a LMAN multi-unit recording displaying two excitatory peaks following DCN stimulation with the corresponding raster plot. Inset: magnification of the first excitatory peak. (**C**) Distribution of response latency over all LMAN recordings displaying the two characteristic peaks of response (first peak: 10--30 ms and second peak: 100 ms, see Results, time bin: 10 ms). (**D**) Diagram of the song system. NBQX/APV were applied in Area X and neuronal activity was recorded in LMAN during DCN stimulation. (**E**) Example response following DCN stimulation from a multi-unit recording in LMAN, before (black), during (red) and after (blue, washout) the drug application. (**F**) Population data showing the evolution of response strength over the three periods (baseline, drug, washout, n = 14 multiunit recording sites in 5 birds, paired-Wilcoxon test, p value=0.001). The red curve represents the example shown in E. (**G**) Diagram of the song system. Gabazine was applied in Area X and neurons were recorded in LMAN during DCN stimulation. (**H**) Example response from a multi-unit recording in LMAN following DCN stimulation, before (black), during (red) and after (blue, washout) gabazine application. (**I**) Population data showing the evolution of the response strength over the three periods (baseline, drug, washout, n = 7 multiunit recording sites in 4 birds, paired-Wilcoxon test, p value=0.0156). The red curve represents the example shown in H. (**J**) Diagram of the song system, as in [Figure 2A](#fig2){ref-type="fig"}. Neurons were recorded in RA during DCN stimulation, NBQX/APV were applied in LMAN. (**K**) PSTH representing the firing rate of a typical RA neuron before (black), during (red) and after (washout, blue). (**L**) Distribution of RA neurons response latencies (time bin: 10 ms). (**M**) Population data showing the change of response strength over the three periods (baseline, drug, washout, n = 6 neurons in 5 birds, paired Wilcoxon test, p\<0.05). The red curve represents the example shown in C.](elife-32167-fig6){#fig6}

DCN stimulation elicited strong responses in LMAN neurons ([Figure 6B](#fig6){ref-type="fig"}). Those responses could be composed of two excitatory components: a first strong and rapid one followed by a delayed and slow one. Such bimodal responses with two peaks were found in 10% (n = 3/30) of the LMAN neurons recorded. The remaining LMAN neurons (90%, n = 27/30) displayed one of the two excitatory responses provoked by DCN stimulation. The latency of excitatory responses in LMAN neurons was therefore spread in a bimodal distribution ([Figure 6C](#fig6){ref-type="fig"}) with two distinct peaks: a first one between 10 and 50 ms (26 ± 7.8 ms, median: 19 ms, 28% of all recorded LMAN neurons, n = 8/30), and a second one around 100 ms (125 ± 32 ms, median: 110 ms, 72% of all recorded LMAN neurons, n = 22/30). Interestingly, these two peaks in the latency distribution of LMAN neurons mirrored the inhibitory responses observed in Area X pallidal neurons. Indeed, pallidal neurons displayed inhibitory responses either preceding or following the excitatory component of their response. Inhibition in Area X pallidal neurons, many of which project to the thalamic nucleus DLM ([@bib26]; [@bib53]), induces a fast excitatory response in DLM neurons ([@bib32]; [@bib53]; [@bib71]) and thereby activates LMAN through DLM excitatory projections ([@bib53]). The first excitation in LMAN neurons, around 20 ms latency, could therefore be mediated by the fast inhibition observed in pallidal neurons ([Figure 2C](#fig2){ref-type="fig"}, top panel). Similarly, the slow inhibitory component of pallidal responses to DCN stimulation, with a mean latency around 30 ms (28.2 ± 9.5 ms), likely activates the DLM-LMAN pathway with longer latencies (\>50 ms) and may therefore drive the second excitation in LMAN. To confirm that Area X relays the response of LMAN neurons to DCN stimulation, we first blocked glutamatergic transmission in Area X ([Figure 6D](#fig6){ref-type="fig"}). The response strength was calculated as the total area of the response, containing one or two peaks of excitation when they are present. After application of the glutamatergic blockers to Area X, responses were suppressed in LMAN ([Figure 6E and F](#fig6){ref-type="fig"}, n = 14 multiunit recordings, response strength decreased from 2.04 ± 0.54 spikes at baseline to 0.89 ± 0.23 spikes following drug injection, paired Wilcoxon test, p=0.001; mean peak excitation decreased from 27.3 ± 7.3 Hz at baseline to 10.9 ± 2.9 Hz following drug injection, paired Wilcoxon test, p=4e-004). Finally, to confirm that the inhibitory components in the pallidal response to DCN stimulation mediate responses in LMAN, we blocked fast GABAergic transmission in Area X with the GABA-A receptor inhibitor gabazine while monitoring the response of LMAN neurons to DCN stimulation ([Figure 6G](#fig6){ref-type="fig"}). We observed the suppression of LMAN neurons excitatory responses after GABAergic blockade in Area X ([Figure 6H and I](#fig6){ref-type="fig"}, n = 7 multiunit recordings, response strength decreased from 0.94 ± 0.48 spikes at baseline to 0.06 ± 0.05 spikes following gabazine injection, paired Wilcoxon test, p=0.02; mean peak excitation decreased from 42.51 ± 9.66 Hz at baseline to 9.17 ± 6.68 Hz following gabazine injection, paired Wilcoxon test, p=0.03). Altogether, our results strongly support the view that DCN inputs are transmitted through the basal ganglia-thalamo-cortical loop via the disinhibition of DLM thalamic neurons by Area X pallidal neurons, evoking an excitatory response in LMAN.

We then tested whether DCN stimulation also drives responses in RA neurons via this loop ([Figure 6J](#fig6){ref-type="fig"}). DCN stimulation induced strong excitatory responses in RA neurons ([Figure 6K](#fig6){ref-type="fig"}) with latencies in the 10 to 100 ms range ([Figure 6L](#fig6){ref-type="fig"}, 30.2 ± 7.8 ms, median: 16 ms), consistent with a transmission through LMAN. Blocking glutamatergic transmission in LMAN significantly reduced the excitatory response to DCN stimulation in RA neurons ([Figure 6K and M](#fig6){ref-type="fig"}, n = 6 neurons in 5 birds, response strength decreased from 0.8 ± 0.32 spikes at baseline to 0.29 ± 0.12 spikes following drug injection, Wilcoxon test, p=0.009; mean excitation peak decreased from 187 ± 76 Hz at baseline to 71 ± 29 Hz following drug injection, paired Wilcoxon test, p=0.02).

DCN lesion impairs song learning in juvenile zebra finches {#s2-8}
----------------------------------------------------------

Our experiments provide evidence of a functional disynaptic cerebellum-thalamus-basal ganglia pathway in songbirds. This pathway drives the output nucleus of the basal ganglia-thalamo-cortical loop, LMAN, and drives activity in RA neurons.

As song learning relies on the basal ganglia-thalamo-cortical loop ([@bib10]; [@bib11]; [@bib65]; [@bib77]), we tested the hypothesis that the cerebellum contributes to song learning during development. Juvenile zebra finches were subjected to partial lesions in their lateral DCN, either electrolytic (n = 7) or chemical using ibotenic acid (n = 3). Lesions were performed between 55 and 60 days post hatch (56.8 ± 7.5 dph for the lesion group, 57.0 ± 4.5 dph for the sham group), a period which corresponds to the end of the sensory phase of song learning, and to the beginning of the sensorimotor phase ([Figure 7B](#fig7){ref-type="fig"}). [Figure 7B](#fig7){ref-type="fig"} displays the spectrograms of the song motifs produced by a tutor and its two fledglings (pupils) after crystallization phase (90 to 100 dph), one of them with a DCN lesion. The pupil that underwent the DCN lesion copied fewer syllables than his control brother. To test for a systematic effect of DCN lesions on song imitation, we compared the quality of tutor imitation of the pupils undergoing partial DCN lesion or sham surgery. To this end, we computed the average imitation score over multiple song bouts ([@bib56]). The song bouts (50--100 in each condition) were carefully sorted among 2 days of recordings before and after the surgery, and after crystallization (90 dph). This was done for birds of both the lesion and sham groups. We found a significant correlation between the proportion of the lateral DCN that was left intact and the relative increase in imitation score between the period preceding the surgery (pre) and the crystallization period (Pearson's correlation coefficient r = 0.7, p=0.03; [Figure 7D](#fig7){ref-type="fig"}). Moreover, birds with large lesions (\<75% lateral DCN left intact, n = 7/10) displayed a lower imitation score than the sham group at crystallization (large lesion group: imitation score of 0.39 ± 0.09, n = 7, sham group: imitation score of 0.51 ± 0.06, n = 6, t-test, df = 11, p=0.04, [Figure 7E, F](#fig7){ref-type="fig"}). We confirmed this effect of DCN lesions using a custom-written similarity score analysis based on the peak cross-correlation between the spectra of the tutor's motifs and of the pupil's songs (see [Figure 7---figure supplement 3](#fig7s3){ref-type="fig"}). In conclusion, partial lesions in the lateral DCN induced a subtle but significant effect on the song acquisition process in juvenile zebra finches, providing evidence that the cerebellum contributes to song learning.

![DCN lesions impair song learning and reduce the similarity to tutor song after crystallization.\
(**A**) Diagram of the song system, as in [Figure 2A](#fig2){ref-type="fig"}, representing DCN lesion. (**B**) Top: Diagram of the song learning periods in songbirds: the sensory period, the sensorimotor period in which juveniles start to produce sounds, and the crystallization phase. Lesions were made at 60 dph. Bottom: Examples of three spectrograms of tutor and pupil song motifs at crystallization: top: tutor, bottom left: a pupil with DCN lesion, bottom right: control pupil. Solid lines connect two similar syllables found in the tutor and juvenile song motifs, dotted lines between two syllables reflect a partial copy of the tutor syllable (red lines for the juvenile with DCN lesion, black lines for the control juvenile). (**C**) Nissl staining on horizontal slices showing the deep cerebellar nuclei. Top: control bird. Bottom: bird with DCN lesion (Scale bar: 100 µm). (**D**) Normalized imitations score (imitation score at crystallization divided by the imitation score before surgery) plotted as a function of the total area left from the lateral DCN (%) for juveniles with DCN lesion (red and purple dots, n = 10 birds). The mean and SD of the normalized imitation score over the sham group are represented as an error bar (n = 6 sham birds). For the following analysis, we consider the birds with a significant lesion (\<75% of intact lateral DCN, vertical dotted line) represented with red dots. A significant correlation was revealed between the similarity and the proportion of lateral DCN left intact (r = 0.68, p\<0.05). (**E**) Population data showing the evolution of the imitation score between the day before the lesion (pre) and the crystallization period (90 dph) in juveniles with sham lesions (black lines for individual birds) and DCN lesions with larger lesion size (red lines) or small lesion size (purple lines). (**F**) The imitation score at crystallization is significantly larger in the sham group than in the DCN large lesion group (n = 7 birds with large lesion, n = 6 sham birds, Wilcoxon test, p\<0.05).](elife-32167-fig7){#fig7}

DCN lesions affect song temporal features in juvenile birds {#s2-9}
-----------------------------------------------------------

Imitation scores are affected by both acoustic and temporal features of the song. To understand in more details how the cerebellum may contribute to song learning or production, we compared temporal and acoustic features of the song before and after DCN lesion in juvenile and adult zebra finches.

As exemplified on [Figure 8B](#fig8){ref-type="fig"}, DCN lesions in juvenile birds induced a consistent drift in syllable duration ([Figure 8B](#fig8){ref-type="fig"}, see [Figure 8A](#fig8){ref-type="fig"} and Material and methods for details on how syllable duration is calculated). To determine if and how syllable duration was affected by DCN lesion, we report the relative change in syllable duration induced by the lesion between the baseline (2 days preceding the lesion) and the following period (days 5--6 after lesion, a period chosen to avoid contamination by transient short-term effects of surgery, [Figure 8C](#fig8){ref-type="fig"}, left panel). Relative changes in syllable duration are higher following DCN lesion than in the sham juvenile group (Wilcoxon test, n = 21 syllables in the lesion group, n = 28 syllables in the sham group, p=0.003), demonstrating that DCN lesions impact syllable duration in juvenile birds. In contrast, the variability of syllable duration was not affected by cerebellar lesions ([Figure 8C](#fig8){ref-type="fig"}, Wilcoxon test, p=0.03, non-significant when correcting for multiple tests, see Materials and methods). In adult birds, the effect of DCN lesions on syllable duration did not reach significance, although a similar trend to increase the relative change in syllable duration compared to sham was observed ([Figure 8---figure supplement 2A--B](#fig8s2){ref-type="fig"}, Wilcoxon test, non-significant, see [Supplementary file 1](#supp1){ref-type="supplementary-material"} for detailed statistical value).

![DCN lesions effects on syllable duration and fundamental frequency in juvenile zebrafinches.\
(**A**) Representation of the protocol of syllable duration calculation. The envelop signal of the song was determined, and a threshold was set to determine the beginning and the end of each syllable. (**B**) Distribution of the duration of a syllable over several days in the sham group (left panel) and in the lesion group (right panel, post lesion period in red, crystallization period in grey). (**C**) The duration of syllables before and after the lesion were compared based on their relative changes between these two periods. Left panel: Changes in syllable duration relative to baseline in the sham group (green) and the lesion group (red) for juvenile birds one week after cerebellar lesion. Right panel: CV of the duration of syllables in the sham (green) and lesion (red) juvenile groups one week after cerebellar lesion. (**D**) Learning trajectory for the duration of syllables in the sham (green) and lesion (red) juvenile groups. The learning trajectory is determined by the difference between the relative changes in duration at the crystallization phase (days 90--91) and relative changes in duration during the post days 5--6 after lesion. Learning-related changes in duration in the lesion group significantly differ from those in the sham group (n = 21 syllables in lesion group, mean: 4 ± 2.7%, n = 24 syllables in sham group, mean: 12,1 ± 1,9%, Wilcoxon test, p=0.016). (**E**) Distribution of the fundamental frequency of example harmonic stacks from the sham group (top panel) or the lesion group (bottom panel) over several days (post lesion period in red, crystallization period in grey). (**F**) Left panel: Changes in fundamental frequency relative to baseline for harmonic stacks in the sham (green) and lesion (red) groups. Right panel: CV of the fundamental frequency of harmonic stacks in sham (green) and lesion (red) groups. No difference was observed between different conditions for the fundamental frequency analysis, p\>0.05. (**G**) Learning trajectory for the fundamental frequency of harmonic stacks in the sham (green) and lesion (red) groups. The learning trajectories for fundamental frequency were similar in both groups (sham group, n = 10 harmonic stacks, mean: 2.7 ± 1.9%, lesion group, n = 19 harmonic stacks, mean: 1.6 ± 1.5%, Wilcoxon test, p=0.50).](elife-32167-fig8){#fig8}

These results show that lateral DCN lesions performed at 60 dph do not completely prevent birds from copying a tutor or modifying song syllable duration over development. However, comparing the course of syllable duration of sham and lesion birds between the early sensorimotor phase and the crystallization period suggests that those lesions affect the developmental trajectory of song timing properties ([Figure 8B](#fig8){ref-type="fig"}). To reveal this, we compared the relative change in syllable duration between the period post 5--6 (after stabilization of acute lesion effects) and 90 dph for the sham lesion groups. [Figure 8D](#fig8){ref-type="fig"} shows that sham birds display a change of 12 ± 2% during this period, revealing the normal syllable duration learning process at this stage. The group with DCN lesion, on the contrary, displayed a smaller change in syllable duration over the same time interval (4 ± 3%, [Figure 9D](#fig9){ref-type="fig"}, Wilcoxon test, n = 21 syllables in lesion group, n = 24 syllables in sham group, p=0.02). A closer look at the change in syllable duration after lesion and at crystallization ([Figure 8---figure supplement 1A](#fig8s1){ref-type="fig"}) reveals that DCN lesions induce a small acute drift in duration but prevent further changes possibly related to the normal learning process. Thus, lateral DCN lesions performed during the sensorimotor stage impair the learning-related changes in syllable duration.

![Location of Area X neural recordings and effect of the dispersion of pharmacological agents.\
(**A**) Diagrams showing recordings locations in Area X, for two different lateral plans (1.4--1.5 mm (left panel) or 1.7--1.8 mm (right panel). Each recording point (red diamond) was placed in Area X using antero-posterior and depth coordinates (n = 83 recording sites for a laterality of 1.4--1.5 mm, left panel; n = 5 recording sites for a laterality of 1.7--1.8 mm, right panel). (**B**) Distribution of spontaneous firing rate for neurons recorded in Area X (n = 88 neurons, mean frequency = 35.4 Hz, median frequency = 31.4 Hz). (**C**) Effect of pharmacological blockers (CNQX/APV) on Area X neurons as a function of the distance from the injection site. An example pallidal neuron recorded while injecting the blockers at various distances (baseline: no drug injected): 150, 75 and 20 µm, and the PSTHs displayed show its response to the DCN stimulation after drug injection at the various sites (time bin: 5 ms). The black horizontal dashed line depicts the mean baseline firing rate and red dotted lines indicate confidence intervals (2.5 SD away from the mean baseline firing rate). The population data (bottom right) represent the change in response to DCN stimulation induced by drug injection as compared to baseline for each recorded neuron. Red diamonds correspond to the example shown here.](elife-32167-fig9){#fig9}

Our analysis of syllable duration was based on threshold detection (see Materials and methods and [Figure 8A](#fig8){ref-type="fig"}), and strongly depends on the sound amplitude during singing: a lower sound amplitude, for example, could induce an artifactual decrease in syllable duration in our analysis. We thus checked if DCN lesions affected the amplitude of syllables in adult and juvenile birds ([Figure 8---figure supplement 2A and D](#fig8s2){ref-type="fig"}). DCN lesions induced no change in syllable amplitude or in its variability in adults ([Figure 8---figure supplement 2D](#fig8s2){ref-type="fig"}, Wilcoxon test, non-significant for all periods) or in juveniles ([Figure 8---figure supplement 1D](#fig8s1){ref-type="fig"}, Wilcoxon test, non-significant for all periods, see legend for details), and we can thus rule out any artifactual change in duration due to an effect of the lesion on syllable amplitude.

DCN lesions did not affect the fundamental frequency of syllables {#s2-10}
-----------------------------------------------------------------

LMAN, the output nucleus of the song-related basal ganglia-thalamo-cortical loop, is known to drive learning-induced changes in the fundamental frequency of syllables ([@bib5]; [@bib91]) and to affect its variability ([@bib45]). Because we showed that LMAN is under the influence of cerebellar input, lateral DCN lesions could also affect the fundamental frequency of the harmonic stacks in the song motif. Comparison of relative changes in the fundamental frequency of harmonic stacks between the two groups did not reveal any significant change during the early period after lesion ([Figure 8E and F](#fig8){ref-type="fig"}, n = 19 harmonic stacks for the lesion group and n = 18 stacks for the sham group, Wilcoxon test, p=0.4). We also found no effect of DCN lesion on the learning trajectories of fundamental frequency, measured as the change in frequency between the last period after lesion and the crystallization ([Figure 8G](#fig8){ref-type="fig"}, sham group, n = 10 fundamental frequency syllable, mean: 2.7 ± 1.9%, lesion group, n = 19 fundamental frequency syllable, mean: 1.6 ± 1.5%, Wilcoxon test, non-significant, p=0.5). Adult birds did not display any significant change in fundamental frequency following DCN lesions either ([Figure 8---figure supplement 2E--F](#fig8s2){ref-type="fig"}). Finally, the variability of fundamental frequency was not affected by DCN lesion in adult or juveniles ([Figure 8F](#fig8){ref-type="fig"}, Wilcoxon test, non-significant, see [Supplementary file 1](#supp1){ref-type="supplementary-material"} for detailed statistical value). Altogether, our results suggest that the cerebellar output from the DCN is not required for the acquisition and adjustment of harmonic stacks fundamental frequency.

Discussion {#s3}
==========

Previous investigations into the neural mechanisms of vocal learning in songbirds have focused on the contribution of pallial and basal ganglia circuits ([@bib60]), ignoring a possible contribution of the cerebellum to avian song learning. Yet, the cerebellum has been proposed to be a crucial element of the speech motor control network in humans. Imaging studies show cerebellar activation during speech production in healthy individuals and patients with cerebellar damage exhibit a variety of speech deficits, the nature of which depends on the location of the lesion. This is not surprising given that the cerebellum is implicated in many, if not all, sensorimotor processes ([@bib1]; [@bib44]) a variety of which are necessary for speech production. Cerebellar lesions impair performance and learning or adaptation of various sensorimotor tasks like pointing, reaching ([@bib44]), timing perception ([@bib43]) and reflex adaptation ([@bib40]). Here, we show that the cerebellum interacts with song-specific circuits in the basal ganglia of songbirds and contributes to the acquisition of song during the development in juvenile birds. Our data establish a functional excitatory projection from the lateral part of the DCN to the song-related basal ganglia nucleus Area X via a thalamic relay in DTZ in anaesthetized zebra finches. This modulation of basal ganglia activity by the cerebellum then propagates to the cortical target of the song-related basal ganglia loop (LMAN) via the thalamus and is finally conveyed to the premotor nucleus RA. Interestingly, these results are reminiscent of the cerebello-thalamo-basal ganglia pathway recently discovered in mammals ([@bib9]; [@bib17]). Thus, our study points the zebra finch as a choice experimental model to investigate the role of the cerebellum and its interaction with the basal ganglia in the learning and plasticity of complex sensory-motor tasks.

Partial lesions in the cerebellum {#s3-1}
---------------------------------

The DCN receive strong convergent Purkinje cell inputs from many functional territories in the cerebellar cortex ([@bib6]). To avoid impairing global function or vital sensorimotor abilities (potentially leading to a high post-operative mortality), we limited the extent of our lesions and monitored the animal state and gross motor functions in the days following the lesion. Our quantification of the effect of DCN lesions on song were performed once the transient motor impairments observed following surgery had disappeared and the birds had resumed perching and singing. Gross motor dysfunction was thus unlikely to significantly contribute to the specific changes observed in song. However, only specific lesions of the cerebello-thalamic projections achieved by pathway-specific ablation techniques will rule out this experimental limitation in the future.

Several types of Area X neurons are potentially involved in the cerebello-thalamo-basal ganglia pathway {#s3-2}
-------------------------------------------------------------------------------------------------------

Our results indicate that the cerebellar input to the basal ganglia modulates the activity of putative pallidal neurons. We did not directly investigate the response of other neuronal types in this structure. The song-related basal ganglia nucleus, Area X, contains all the neuron types found in the striatum and pallidum in mammals ([@bib24]; [@bib25]): pallidal neurons, medium spiny neurons and several striatal interneuron types. Only pallidal neurons, however, project outside of the basal ganglia; these share physiological, biochemical and anatomical properties with mammalian pallidal neurons ([@bib16]). Songbirds pallidal neurons display strong spontaneous activity both in vitro ([@bib14]; [@bib24]; [@bib25]) and in vivo ([@bib71]; [@bib33]) and can therefore be distinguished from the other neuronal populations in the song-related basal ganglia nucleus, the spontaneous activity of which is much lower ([@bib71]; [@bib53]; [@bib33]). Given the strongly bimodal distribution of spontaneous activity observed in our recording (see Materials and methods) and the relative scarcity of neurons displaying a low spontaneous activity in the song-related basal ganglia nucleus ([@bib33]), our dataset likely contains mostly if not only pallidal neurons. A contribution from a small fraction of spontaneous striatal interneurons cannot, however, be ruled out in the absence of post-hoc histological verification of the recorded cell type.

Similarities and differences between the cerebello-thalamo-basal ganglia pathways of mammals and songbirds {#s3-3}
----------------------------------------------------------------------------------------------------------

In mammals, a pathway connecting the cerebellum to the striatum through the thalamus was demonstrated in rodents ([@bib17]) and monkeys ([@bib38]). However, it remains unknown whether and how these cerebellar inputs are conveyed to basal ganglia output neurons and to their thalamo-cortical targets ultimately affecting behavior ([@bib4]). Here, we show in songbirds that the cerebellar signals travel through the basal ganglia-thalamo-cortical circuit and can drive firing in song-related premotor neurons. In monkeys, the dentate nucleus can be divided into two parts: the dorsal part, which has reciprocal projections with motor and premotor cortical areas via the motor thalamus, and the ventral part, which has reciprocal projections with associative and other non-motor cortical areas via non-motor thalamic regions ([@bib23]; [@bib47]; [@bib68]). Additionally, anatomical tracing shows that some projections to the thalamus also come from the interpositus and the fastigial nuclei (25%) ([@bib9]; [@bib38]). In songbirds, our tracing experiments show that one part of the thalamus projects to the song-related basal ganglia nucleus and receives extensive axonal projections from the most lateral part of the DCN, that could be analogous to the dentate nucleus in mammals ([@bib7]; [@bib81]; [@bib90]). However, we found no dorso-ventral contrast in the lateral DCN and we thus make no distinction between potential motor and non-motor parts of this nucleus. Bidirectional tracer injected in the dorsal thalamus revealed a weak, but consistent, projection from the intermediate nucleus, analogous to nucleus interpositus in mammals ([@bib7]; [@bib81]; [@bib90]). Although the labeling was less intense in the intermediate nucleus as compared to the lateral one (suggesting weaker projections to the thalamus), both cerebellar nuclei seem to project to the dorsal thalamus, as reported in [@bib63]. Both of them may, thereby, be involved in the cerebello-thalamo-basal ganglia pathway studied here.

During our electrophysiological experiments, the stimulation electrode targeted the most lateral part of the DCN, as confirmed histologically. We could observe the activation of the cerebello-thalamo-basal ganglia pathway only with very specific and restrictive placement of the stimulation electrode (see Materials and methods). It is thus unlikely that the responses we report were due to current spread to the neighboring intermediate nucleus. However, the size of the stimulated area can hardly be controlled ([@bib73]; [@bib84]), and we cannot exclude a contribution of the intermediate nucleus to the neural responses we describe here. Further investigations will be necessary to assess this question and determine the role of the putative connections between the intermediate nucleus and the thalamus.

Because striatal and pallidal neurons are intermingled in the song-related basal ganglia nucleus ([@bib24]; [@bib25]), we could not determine the direct targets of thalamic fibers: - the striatal neurons (as in mammals, [@bib79]) - the pallidal neurons - or both. While we focused on the song-related basal ganglia nucleus, the thalamic projections may also reach other parts of the avian basal ganglia. Further investigation using multiple tracing techniques will be necessary to clarify this question and determine which thalamic area projects to which neurons in the basal ganglia.

Involvement of the cerebellum in timing processing {#s3-4}
--------------------------------------------------

The cerebellum is a major contributor to timing processes in the brain, both by controlling the duration and variability of movement and by computing the timing prediction necessary to produce an accurate and adapted response during sensorimotor learning. More particularly, clinical observations have highlighted that sensorimotor timing is strongly impaired in patients with unilateral cerebellar lesions. These patients are not able to realize a task in a precise time ([@bib18]; [@bib27]; [@bib44]) or to conserve a temporal motor pattern in repetitive and synchronized tasks ([@bib42]; [@bib41]). These observations were confirmed with transcranial magnetic stimulation ([@bib8]; [@bib86]). In repetitive tapping tasks, it has been also shown that motor variability is increased when the lateral cerebellum is inhibited ([@bib86]) and that compensatory mechanisms appear if patients are asked to do bimanual tasks ([@bib8]; [@bib29]; [@bib86]). In mammals, the cerebellum is also responsible for the correct perception of time and time intervals ([@bib59]; [@bib74]). Conditioning of the eyeblink reflex, which relies on timing (delay) learning, is impaired following lesions of the cerebellum ([@bib95]). In our results, we reveal an involvement of the cerebellum in the duration of syllables but no effects on variability of syllable duration. The relatively small changes in syllable duration induced by DCN lesions may be highly significant behaviorally as zebra finches have been shown to discriminate syllable duration with millisecond precision ([@bib61]). Knowing which specific features of timing functions (i.e. perception of time or movement timing) is impaired in our songbird model remains an open question.

We revealed a functional connection from the lateral nucleus of the cerebellum to the song-related basal ganglia thalamo-cortical loop, known to generate variability or systematic bias in the fundamental frequency of syllables ([@bib45]; [@bib67]; [@bib77]). Thus, a putative role for the cerebellum in the control of fundamental frequency could be expected. No change in fundamental frequency could be detected here either in adults or in juveniles following DCN lesions. Given the relatively small extent of the lesions performed and that other circuits in the song system may compensate for the effect of DCN lesions, we cannot exclude a cerebellar contribution to fundamental frequency.

Is the cerebello-thalamo-basal ganglia pathway the only functional pathway connecting cerebellum to the song system? {#s3-5}
--------------------------------------------------------------------------------------------------------------------

We have revealed a subcortical connection between the cerebellum and the cortico-basal ganglia circuit involved in song learning and plasticity, indirectly affecting activity in the premotor song-related nucleus RA. A more direct connection may also exist from the cerebellum to the motor pathway from HVC to RA that could exert a direct influence on song production. The dorsal thalamus, which mediates cerebellar input to the basal ganglia that we have evidenced here, is also known to project to the pallial nucleus MMAN, which in turn projects to HVC ([@bib28]; [@bib64]; [@bib94]). This new pathway remains to be characterized by anatomical and electrophysiological experiments to assess the impact of cerebellar input on the cortical pathway during song learning and production. In mammals, the cerebellum is known to project to the motor part of the thalamus, which in turn projects to the motor cortex ([@bib47]). This disynaptic connection between the cerebellum and the motor cortex is important in motor control and motor coordination ([@bib12]) and we therefore hypothesize a contribution of the DCN-DTZ-MMAN-HVC pathway in the production of song in songbirds.

Potential impact of cerebellar input on basal ganglia {#s3-6}
-----------------------------------------------------

We have shown that a cerebello-thalamo-basal ganglia pathway exists in songbirds, is functional and shares many similarities with the mammalian cerebello-thalamo-basal ganglia pathway. Knowing the role of the cerebellum and the basal ganglia, respectively in supervised and reinforcement learning ([@bib21]), we hypothesize that the cerebellum can participate in basal ganglia functions by sending an error-correction signal related to a detected mismatch between actual and predicted sensory feedbacks. This error correction signal is integrated into the basal ganglia to drive the motor command output during the learning process. As recently reported, the song-related basal ganglia nucleus receives a reward prediction error from the ventral tegmental area that is necessary and sufficient to drive song learning ([@bib31]; [@bib37]; [@bib96]). The reward prediction error signal from the VTA and the cerebellar error correction signal could cooperate within the basal ganglia to achieve faster and more efficient sensorimotor learning. In this context, the cerebellar input could modulate plasticity of the avian equivalent of the cortico-striatal connections, as described in mice ([@bib17]), and thereby regulate the learning rate in the basal ganglia circuits.

In songbirds, the basal ganglia-thalamo-cortical loop is necessary for song learning and plasticity ([@bib11]; [@bib67]). Our data suggest that these functions - presently attributed to the basal ganglia-thalamo-cortical loop only - may also be influenced by the cerebellum through its subcortical connection to the song-related basal ganglia nucleus.

Finally, the subcortical pathway from the cerebellum to the basal ganglia is involved in dystonia ([@bib15]; [@bib30]; [@bib62]; [@bib85]). The existence of the cerebello-thalamo-basal ganglia pathway makes the songbird model, classically used as a model to study vocal learning, a good model for further investigations of the cooperation between cerebellum and basal ganglia in sensorimotor learning and its dysfunction in movement disorders.

Materials and methods {#s4}
=====================

Animals {#s4-1}
-------

All the experiments were performed in adult male zebra finches (*Taeniopygia guttata*), \>90 days post-hatch unless otherwise specified. Birds were either reared in our breeding facility or provided by a local supplier (Oisellerie du Temple, L'Isle d'Abeau, France). All animals had constant access to seeds, crushed oyster shells and water. Seeds supplemented with fresh food and water were provided daily. Birds were housed on a natural photoperiod (both in the aviary and in sound isolation boxes during the behavioral experiment). Animal care and experiments were carried out in accordance with the European directives (2010--63-UE) and the French guidelines (project 02260.01, Ministère de l'Agriculture et de la Forêt). Experiments were approved by *Paris Descartes University* ethics committee (Permit Number: 13--092).

Surgery {#s4-2}
-------

Before surgery, birds were first food-deprived for 20--30 min, and an analgesic was administered just before starting the surgery (meloxicam, 5 mg/kg). The anesthesia was then induced with a mixture of oxygen and 3--5% isoflurane for 5 min. Birds were then moved to the stereotaxic apparatus and maintained under anesthesia with 1% isoflurane. Xylocaine (31.33 mg/mL) was applied under the skin before opening the scalp. Small craniotomies were made above the midline reference point, the bifurcation of the midsagittal sinus, and above the structures of interest. Stereotaxic zero in anteroposterior and mediolateral axis was determined by the sinus junction. To ease the access to the cerebellum, we used a head angle of 50°. The stereotaxic coordinates used for each brain structure are summed up in [Table 1](#table1){ref-type="table"}.

10.7554/eLife.32167.020

###### Stereotaxic coordinates summary.

Head and arm angle (on the mediolateral axis) are expressed in degrees, anteroposterior and mediolateral coordinates are expressed in millimeters from the sinus junction, and depth coordinates in millimeters from the surface of the brain. DCN: deep cerebellar nuclei. LMAN: lateral magnocellular nucleus of the nidopallium, MMAN: medial magnocellular nucleus of the nidopallium, HVC: used as a proper name, DTZ: dorsal thalamic zone.

  Structure   Head angle (°)   Arm angle (°)   Antero-post (mm)   Medio-lateral (mm)   Depth (mm)
  ----------- ---------------- --------------- ------------------ -------------------- ------------
  Area X      50               0               4.0                1.5                  3.0--4.0
              50               15              4.0                2.7                  3.5--4.5
  DCN         50               15              −2                 2.5                  3.5
              50               0               −1.5/--1.8/−2.1    1.3                  3.4
  DTZ         50               0               −0.3               1.2                  4.3--4.5
  LMAN        50               0               4.1                1.8                  2.3--2.5
              50               15              4.1                3.0                  2.4--2.6
  MMAN        50               0               4.1                0.5                  2.3--2.5
              50               15              4.1                1.7                  2.4--2.6

Anatomical tracing {#s4-3}
------------------

We performed iontophoretic injections of fluorescent dye using dextran conjugates with Alexa 594 and Alexa 488 (Thermofischer, 5% in PBS 0.1M 0.9% saline) in targeted cerebral structures (lateral DCN and Area X nucleus) using a glass pipette with a small (10 µm) tip and ±5 μA DC pulses of 10 s duration, 50% duty cycle, applied for 3 min. In the cerebellum, to be sure that the injection was constrained to the lateral deep cerebellar nucleus, we verified that the retrograde labeling of Purkinje cells was limited the most lateral sagittal zone ([Figure 1D](#fig1){ref-type="fig"}, and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

In additional tracing experiments, 250 nL of cholera toxin tracers coupled with Alexa 488 (Thermofischer, diluted in PBS 0.1M 0.9% saline) were pressure-injected with a Hamilton syringe (1 µL, Phymep, Paris, France), at 100 nL per minute, at each injection site (two injection sites per brain hemisphere). Birds were then housed individually for three days after injection to allow for dye transport.

In vivo electrophysiology {#s4-4}
-------------------------

Recordings in Area X, LMAN, and RA were made with a tungsten electrode with epoxy isolation (FHC, impedance varying from 3.0 to 8.0 MΩ depending on the type of neuron recorded). Acquisition of the signal was done with the AlphaOmega software, using low-pass (frequencies below 8036 Hz) and high-pass (frequencies above 268 Hz) filters to only detect the spike signal. The sampling frequency was 22,320 Hz. In Area X, the recorded neurons displayed a bimodal distribution of spontaneous firing rate, above 25 Hz or under 10 Hz. We considered neurons with frequency above 25 Hz as pallidal neurons in Area X ([@bib53]; [@bib71]). Other neurons in Area X with spontaneous firing rates under 10 Hz were not taken into account in the present study. Distribution of the pallidal-like neurons firing rate is represented in [Figure 9C](#fig9){ref-type="fig"}. Note that the level of spontaneous activity is different under anesthesia compared to what was seen in awake birds ([@bib33]) and can vary depending on the specific drug used ([@bib12]). This may explain the slight difference in spontaneous activity among neurons recorded here as pallidal, compared to previous studies performed under urethane anesthesia ([@bib53]; [@bib71]), known to preserve awake-like cortical activity ([@bib2]).

A single-pulse electrical stimulation in the lateral deep cerebellar nucleus (DCN) was applied through a bipolar electrode during recording of different structures in the contralateral basal ganglia nucleus (Area X), the lateral part of the magnocellular nucleus (LMAN), the medial part of the magnocellular nucleus (MMAN), and robust archopallium nucleus (RA). The duration of the stimulation was 1 ms, with an inter-stimulation time of 1.6 s, and the intensity ranged from 0.1 to 4 mA. Despite long stimulation duration, observed responses in recorded neurons were stable over time. We aimed to place the stimulation electrode within the lateral cerebellar nucleus, and the positioning of the electrode was confirmed histologically (see next paragraph). However, we cannot completely rule out that the stimulation current did spread to the nearby interpositus nucleus. Other possible confounds due to non-specific effects of stimulation could be that brainstem structures that communicate with the forebrain song system, and fibers of passage that descend from RA to the brainstem could be activated. However, such non-specific effects are highly unlikely due to the distance between the DCN and the song-related brainstem structure (\>1 mm), and their separation by the fourth ventricule. Most importantly, a small offset in the placement of the stimulating electrode most often led to the total disappearance of the responses evoked in the basal ganglia circuit, and it is thus unlikely that neurons or fibers away from the stimulation site are mediating the observed responses.

Pharmacology {#s4-5}
------------

During electrophysiological experiments, drugs were applied locally by pressure with small tip glass pipette (10 µm) and nitrogen picospritzer (Phymep, Paris, France) during 5 ms. The volumes injected are around 100--200 nL, with a maximal total injected volume during one experiment of 500 nL. We used a mix of NBQX 5 mM (Sigma Aldrich, diluted in PBS 0.1M 0.9% saline) and APV 1 mM (Sigma Aldrich, diluted in PBS 0.1M 0.9% saline) to block glutamate receptors. Except for Area X blocking, that requires several coordinates injection in order to block a large part of this structure, all blockade are made in one location with two puff injections.

To determine the drug dispersion, we injected NBQX/APV at several distance from the recorded neuron in Area X. We then compared neurons responses strength (see Data analysis for the quantification protocol) with and without drug injection to assess the percentage of resting response ([Figure 9C](#fig9){ref-type="fig"}). Drug dispersion experiments indicate that excitatory responses were not impacted if the distance between the recorded neuron and the drug injection was more than 200 µm (n = 3 neurons for 200 µm, mean resting response: 94,3 ± 9,6%). For distances between 150 and 50 μm, we observe a progressive decrease in excitatory responses, with a halving of excitatory responses for distances around 75 µm (n = 3 neurons for 150 µm, mean resting response: 83,3 ± 15,5%; n = 2 neurons for 100 µm, mean resting response: 76,1 ± 11,5%; n = 2 neurons for 75 µm, mean resting response: 37,1% ± 33,2; n = 3 neurons for 50 µm, mean resting response: 51 ± 29,6%). Then, excitatory responses in pallidal neurons were totally prevented if the distance between the recorded neuron and the drug injection was less than 50 µm (n = 0.5 neurons, mean resting responses: 0%).

Moreover, glutamatergic blockade effect on the recorded neuron firing rate was quantified ([Figure 10](#fig10){ref-type="fig"}, see Data analysis for the quantification protocol) during baseline, drug injection and washout conditions. No significant effect of the drug injection on the firing rate of recorded neurons was observed ([Figure 10A-E](#fig10){ref-type="fig"}, paired Wilcoxon test, see Legend for p values), except for recordings in RA during LMAN glutamatergic blockade ([Figure 10F](#fig10){ref-type="fig"}, paired Wilcoxon test, p=0.0313).

![Effect of drug injections (NBQX/APV) on spontaneous activity.\
(**A**) Effect of NBQX/APV injections in DTZ on the spontaneous activity of Area X pallidal neurons. No difference was observed between baseline and drug conditions (n = 16 neurons in 8 birds, paired Wilcoxon-test, p=0.4). (**B**) Effect of NBQX/APV injections on the spontaneous discharge of Area X pallidal neurons. No significant differences were observed in Area X pallidal neurons discharge between baseline and drug conditions (n = 8 neurons in 7 birds, paired Wilcoxon-test, non-significant, p=0.6). (**C**) Effect of NBQX/APV injections in LMAN on Area X pallidal neurons spontaneous discharge. No difference was observed between baseline and drug conditions (n = 12 neurons in 6 birds, paired Wilcoxon-test, p=0.6). (**D**) Effect of NBQX/APV injections in MMAN on Area X pallidal neurons spontaneous activity. No difference was observed between baseline and drug conditions (n = 5 neurons in 2 birds, paired Wilcoxon-test, p=1). (**E**) Effect of NBQX/APV injections in Area X on LMAN neurons spontaneous discharge. No difference was observed baseline and drug conditions (n = 14 multiunit recordings in 5 birds, paired Wilcoxon-test, p=0.1). (**F**) Effect of NBQX/APV injections in LMAN on RA neurons spontaneous activity. RA neurons activity decreased significantly following glutamatergic transmission blockade in LMAN (n = 6 neurons in 5 birds, paired Wilcoxon-test, p=0.03).](elife-32167-fig10){#fig10}

During LMAN recordings, we also blocked inhibition transmission in Area X. To do so, we used gabazine 1 mM (Sigma, diluted in PBS 0.1M 0.9% saline).

Data analysis {#s4-6}
-------------

Analyses of recorded neurons after DCN stimulation were done using Spike2 and Matlab. Spike sorting was performed with the software Spike2 (CED, UK), using principal components analysis of spike waveforms. For Area X neurons, and RA neurons, we managed to record single units, and we focus on these single unit neurons in the analysis. In the LMAN and MMAN nuclei, we chose to record mostly multiunit activity. Indeed, most neurons in these nuclei exhibit very low spontaneous activity (\~1 sp/s), leading to wide fluctuation in the PSTH estimate of baseline activity preceding stimulation with high temporal resolution (time bin: 10 ms) and making it difficult to estimate response latency, strength and duration. Instead multi-unit activity with higher baseline levels allows better baseline statistics and narrower confidence intervals for the detection of the response to stimulation.

Spike train analysis was then performed using Matlab (MathWorks, Natick, MA, USA). We calculated peri-stimulus time histograms (PSTH) of recorded neurons after DCN stimulation. PSTHs were calculated with a 2 ms bin for neurons in Area X and RA. For structures with low firing rate (LMAN and MMAN) the time bin was 10 ms to limit bin-to-bin fluctuations in spike count. We calculated the mean and the standard deviation (SD) of the firing rate over the period preceding the stimulation (50 ms for Area X and RA, 100 ms for LMAN and MMAN), and we considered that a neuron exhibited a significant response to the stimulation when at least two consecutive bins of the PSTH were above (for excitation) or below (for inhibition) the spontaneous mean firing rate ±2.5\*SD. The return of two consecutive bins at the spontaneous mean firing rate ±2.5\*SD indicated the end of the response. We defined the latency of response as the time between the stimulation onset and the beginning of the first excitatory or inhibitory response. Response strength was calculated as the sum of the difference between the PSTH values and the mean baseline firing rate over the entire response period and represents the average number of excess (default) spikes induced by a single stimulation. For neurons in Area X and RA, the response strength was calculated over the first peak of excitation only (as most responses did not elicit two peaks of excitation, see Results). For LMAN and MMAN neurons recording, neurons tended to display bimodal responses (see Results) and both the first and second excitation peaks were considered to calculate the response strength. We also report the peak firing rate in the response period as the maximal value of the PSTH. The PSTHs are displayed either as histograms or as solid curves with gray shaded area surrounding the curve representing the SD of the baseline firing rate.

Lesion experiments {#s4-7}
------------------

Lesions were performed in the DCN of juvenile zebra finches. We targeted the most lateral DCN, analogous to the dentate nucleus in mammals. In a first group of birds (n = 7), a partial electrolytic lesion was performed in the lateral deep cerebellar nucleus by passing 0.05mA during 30 s through a tungsten electrode. Lesions were made at three points (see the stereotaxic coordinates in [Table 1](#table1){ref-type="table"}, DCN coordinates, second row). In a second experimental group (n = 3), chemical partial lesion was performed using ibotenic acid in 1 µL Hamilton syringe, with a rate of 100 nL/min. We also performed injections at three locations (see [Table 1](#table1){ref-type="table"}, DCN coordinates) injecting 150 nL per point. Sham lesions were performed in another group of age-matched juvenile birds. Sham birds underwent the same surgery as the lesion group, with a stimulating electrode placed at the lesion location but no current was applied. Both lesion and sham protocols were done around 57 days post hatch (56,8 ± 7,5 days post hatch for lesion group, 57.0 ± 4,5 days post hatch for sham group). Following surgery, the behavior of birds was closely monitored for a few days to ensure proper recovery. Many birds underwent temporary motor deficits (postural and balance troubles) for a couple of days but recovered very quickly and were all perching and feeding normally 48 hr after surgery. Singing usually resumed after 48 hr, or at most after 72 hr. Each juvenile (sham and lesion) was put in a recording box one week before the lesion experiment, and recorded using Sound Analysis Pro software (SAP, [@bib83]). To prevent any deficit due to the lack of tutor, we presented the tutor to the juvenile two hours per day until the bird underwent the surgery. All birds had same access to their respective tutors. After the surgery, each juvenile was recorded until the crystallization phase (30 days after the surgery experiment).

Histology {#s4-8}
---------

For the anatomical tracing protocol: Birds were sacrificed with a lethal intraperitoneal injection of pentobarbital (Nembutal, 54.7 mg/mL), perfused intracardially with PBS 0.01M followed by 4% paraformaldehyde as fixative. The brain was removed, post-fixed in 4% for 24 hr, and cryoprotected in 30% sucrose. We then cut 40 µm thick sections in the parasagittal plane with a freezing microtome. Slices were mounted with Mowiol (Sigma Aldrich) and observed under an epifluorescence (Leica Microsystems, Leica DM 1000, Nanterre, France) or a confocal microscope (Zeiss, LSM 710, France). Images were analyzed using ImageJ software (Rasband WS, NIH, Bethesda, Maryland, USA).

After electrophysiological recordings, the bird was perfused as described above. Then, brain was removed, post-fixed one day in PFA 4%, store in sucrose 30%, and we did 60 µm slices with Nissl staining to control the stimulation electrode and recording electrode tracts.

For the lesion protocol: All juvenile birds were sacrificed at 100 dph using the protocol previously described for tracing protocol. We then cut 60 µm-thick cerebellar sections in the horizontal plane with a freezing microtome. We did Nissl staining to check lesions locations. Slices were mounted with Mowiol (Sigma Aldrich) and observed under a transmitted-light microscope (Leica Microsystems, Leica DM1000, Nanterre, France). With ImageJ software (Rasband WS, NIH, Bethesda, Maryland, USA), we calculated the area of lesion for each nucleus compared to the control nucleus in the other hemisphere.

Song imitation analysis {#s4-9}
-----------------------

Songs were continuously recorded using Sound Analysis Pro software (SAP, [@bib83]). Songs were then sorted and analyzed using custom Matlab programs (<https://github.com/aleblois/Pidoux_et_al_2018.git>, [@bib72]; MathWorks, Natick, MA, USA; copy archived at <https://github.com/elifesciences-publications/Pidoux_et_al_2018>). Briefly, the program detected putative motifs based on peaks in the cross-correlation between the sound envelope of the recorded sound file and a clean preselected motif. Putative motifs were then sorted based on their spectral similarity with the pre-selected clean motif, using thresholds set by the experimenter. Song bouts including one or more song motifs separated by less than 500 ms of silence were then cut based on the same sound amplitude threshold. This analysis allowed us to successfully sort \>98% of the songs produced by a bird on a given day (assessed by comparing hand sorting with the automated sorting by the program). We calculated the spectrogram of extracted song through fast Fourier transforms using 256-point Hanning windows moved in 128-point steps. Among all songs produced by a juvenile in each considered condition: before and after lesion, as well as at crystallization, 50 to 100 song clean song bouts with no noise contamination (cage noise, wing flaps, ...) were randomly-selected songs to be compared to the tutor's selected motifs using the procedure described in [@bib56]. The corresponding Matlab program provides 3 outputs: an acoustic similarity index and a sequencing similarity index, which are compiled together into a single imitation score. We only reported the final imitation score in the present study as the relatively mild effect of DCN lesion did not allow to distinguish acoustic and sequencing effects. A custom-based analysis relying on the cross-correlation between spectrograms was also applied (see [Figure 8---figure supplement 2](#fig8s2){ref-type="fig"} and its legend for method) to confirm the default in imitation revealed by the imitation score.

Song temporal features, fundamental frequency and amplitude analysis {#s4-10}
--------------------------------------------------------------------

For each bird undergoing DCN lesion, or sham-lesion experiments, spectrograms of 500 randomly-selected, manually-checked renditions of the stereotyped motif were stored. To determine the acute effect of the lesion, we analyzed several song features in the first week after the lesion, grouped values for two consecutive days and named these periods pre, post days 1--2, post days 3--4, post days 5--6. Moreover, the same analysis was performed at days 90--91 (after crystallization), to determine the learning trajectory of each song feature. For each considered day, roughly 500 motifs were used to calculate the duration, fundamental frequency and amplitude of each syllable using the following procedure. The sound envelop was generated, and a threshold was determined, corresponding to the lowest envelop signal value (i.e. the smallest amplitude in the motif). The beginning and the end of each syllable was determined as the time at which the song envelop crossed this threshold. This process was performed for each syllable type in the motif (generally 4 to 6 syllables per motif), on our spectrograms of 500 randomly-selected motifs. To pool the data from all syllable types, we normalized syllable duration by doing the absolute ratio between the syllable duration in the post periods (post days 1--2, post days 3--4, post days 5--6, crystallization) over the duration syllable calculated in the period before lesion. This calculation reveals the relative duration changes compared to the pre-lesion period, i.e. how the duration evolved over the time. The variability of syllable duration between syllable types from a given bird and between birds were not significantly different (Kruskal and Wallis test, n = 7 birds/21 syllables for lesion group, p=0.69 between birds and p=0.56 between syllable, and n = 10 birds/27 syllables, p=0.75 between birds and p=0.71 between syllables), allowing to compare all syllable types from a given group (sham vs lesion) in each condition. Relative syllable amplitude was determined as the peak sound envelop during the syllable divided by the peak sound envelop over the whole motif. The syllable fundamental frequency was determined for each syllable type displaying a clear harmonic structure based on peaks in the autocorrelation function, as in the study by [@bib46]. For some syllables, several sub-syllabic elements had a clear and distinct fundamental frequency, leading to several fundamental frequency measurements in the same syllable. Normalizations, identical to the one described for syllable duration, were applied for the amplitude and fundamental frequency of all syllable types. Finally, the learning trajectory was calculated for each group and each feature using the relative change at crystallization minus the relative change values for post days 5--6.

Statistics {#s4-11}
----------

Numerical values are given as mean ± SD, unless stated otherwise.

### Electrophysiology {#s4-11-1}

As the goal of pharmacological experiments was to look at the effect of glutamatergic transmission blockade on baseline response strength induced by DCN stimulation, we compared the mean response strength during two conditions: the baseline condition and the drug condition. To do so we performed a paired Wilcoxon test between the control response and that after application of drugs. We used non-parametric statistical tests because of the small number of neurons recorded (less than 30 neurons in each experiment).

### Behavior {#s4-11-2}

Given our initial hypothesis that the cerebellum may contribute to song learning, we planned to compare the similarity between juvenile and tutor songs at crystallization (90 dph) in the lesion and sham groups. The similarity scores in these two groups were compared using a paired Wilcoxon test (MathWorks, Natick, MA, USA). Additionally, we tested whether there was a significant correlation between the size of the lesion and the improvement in tutor song imitation after surgery. To this end, we calculated the correlation coefficient between the lesion size (proportion of DCN left unaffected, determined histologically for DCN lesion birds, and assigned to 100% for sham-lesion birds) and the normalized song similarity at crystallization (similarity at 90 days post hatch/similarity before surgery). We tested the hypothesis of no correlation: each p value was determined as the probability of obtaining a correlation larger than the observed value by chance, when the true correlation is zero (MathWorks, Natick, MA, USA).

For duration, fundamental frequency and amplitude relative changes, our goal was to compare the relative changes between sham and lesion groups one week after the lesion (days 5--6, to avoid short-term effects of surgery). To do so, we used Wilcoxon test (MathWorks, Natick, MA, USA) to compare values in the sham group to the values in the lesion group at days 5 and 6 after cerebellar lesion. We used non-parametric statistical test because of the non-normal distribution of values. CV quantification follows the same statistical procedure. A summary of statistical values is provided in [Supplementary file 1](#supp1){ref-type="supplementary-material"}.
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###### Related to [Figure 8](#fig8){ref-type="fig"}.

Statistical values for Wilcoxon test with Bonferonni correction. For each period in each group (adults or juveniles and sham or lesioned birds) and each features (duration, fundamental frequency and amplitude) number of birds, number of syllables, mean, median, standard deviation and SEM were reported. p values for Wilcoxon test with Bonferonni correction were calculated for each repeated test. N.S.: non-significant.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"A subcortical circuit linking the cerebellum to the basal ganglia engaged in vocal learning\" for consideration by *eLife*. Your article has been reviewed by 4 peer reviewers, including Jennifer L Raymond as the Reviewing Editor and Reviewer \#4, and the evaluation has been overseen by Andrew King as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Richard Mooney (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this letter summarizing their concerns. Please provide details on how you could proceed to address these issues and provide an estimate of the time it would take to do so. The Editorial Board and reviewers will consider your responses and offer a binding recommendation on the outcome of this submission as soon as possible.

Summary:

Birdsong, as with speech but unlike most other animal vocalizations, is a learned behavior. Because vocal learning is a rare trait in the animal world, the songbird has become one of the favorite models for exploring the neurobiological basis of vocal learning. A wealth of evidence implicates cortico-basal ganglia (BG) circuitry in birdsong learning. One remarkable gap in our understanding is whether the cerebellum also plays a role in birdsong learning. Anatomical and physiological studies in a range of species have revealed prominent connections between the cerebellum and basal ganglia via the thalamus, suggesting a role for cerebellar processing in behaviors that rely on basal ganglia-thalamo-cortical pathways. A cerebellar role in birdsong might be expected given the importance of the cerebellum to human speech and the more general involvement of the cerebellum in learning rapid and precisely timed behaviors. Remarkably, evidence of a functional interaction of the cerebellum with known song circuitry has been lacking and the role of the cerebellum in song learning has remained unexplored. The current study by Pidoux et al., provides the first evidence that the cerebellum functionally interacts with basal ganglia circuitry important to song learning in birds and that cerebellar outputs from the deep cerebellar nuclei (DCN) may contribute to song learning. The authors replicate an earlier study showing a pathway from DCN to Area X through thalamic nucleus DTZ. They then show responses in various regions of the song system to DCN stimulation and report that these responses require signal transmission through DTZ. Finally, they claim that DCN inactivations impair song learning. The birdsong field has long wondered about possible involvement of the cerebellum and demonstrating such involvement would be a provocative and high-impact result, providing a blueprint for integrating the cerebellar circuit into the well-established network of brain areas already known to contribute to vocal learning.

Essential revisions:

1\) All four reviewers agreed that the behavioral studies are where the greatest potential significance of the study lies and also where the experimental evidence, as presented, falls farther from the mark. Only 10 random songs were analyzed pre- and post-lesion and are summarized with a single similarity score. More extensive analysis of the behavioral results is crucial.

1a) The authors lesion the DCN in juvenile birds using either chemical or electrolytic methods. They report that learning (copying?) of a tutor song is impaired by these lesions. Several problems arise, though, in part because they employ a novel analysis method in place of rather than in addition to acoustic analysis methods that are standard in the field (i.e., SAP). It is unclear how they calculated similarity score (is it the peak of the cross-correlation, as suggested in subsection "DCN lesion impairs song learning in juvenile zebra finches", or is it really the sum of the cross-correlation as shown in subsection "Song analysis"? In either case, if the score is based on the simple normalized cross correlation, it would be difficult to interpret their data because the score can be very low when juveniles improvise the gap/syllable durations or syllable orders, which often happens in normal zebra finches. A parallel analysis of song data using more established methods and showing more examples of spectrograms of the adult songs of birds with juvenile DCN lesions would be necessary for reviewers and other readers to assess the significance of the behavioral outcomes. The authors should also show the raw similarity score at 60 dph because there should be large variability in learning already at the age, which could significantly affect the normalized similarity score at 90 dph.

1b) Is there a specific contribution of this cerebellar circuit to vocal learning? In the final figure, the authors demonstrate that lesions of the cerebellar dentate nucleus impair the ability of juvenile birds to copy their tutor\'s song using a similarity score metric. It is unclear, however, whether there are any specific differences in the learned song resulting from cerebellar lesion that would not be seen by lesioning other brain areas involved in song learning. The manuscript would be greatly enhanced if the authors could perform further analyses designed to identify whether any discrete song features are selectively impaired by cerebellar lesions. For example, is there any specific temporal or pitch-related deficit in song production following tutoring? Is the trajectory of learning altered? Is there any evidence based on learning trajectory that learning is simply slowed, and thus incomplete at the time of measurement? Such information would be extremely valuable in order to compare these experiments with the learning deficits that result from lesions to other brain areas involved in vocal learning and could help guide meaningful hypotheses about the specific role of cerebellum in vocal learning.

1c) The description of the timing of the DCN lesions is critical to interpreting what type of learning -- sensory versus sensorimotor -- the DCN may be contributing to. The timeline in Figure 7 suggests that DCN lesions may be made late enough in development to largely affect song copying rather than tutor song memorization. Language in the Results section and Discussion section should be precise when referring to song copying versus sensory learning. The authors should discuss whether their experimental design allows them to assign the effects of DCN lesions more exclusively to song copying. This is a place where more description of the experimental design in the results would help a general audience.

1d) The central conclusion of the paper -- that DCN is involved in song learning -- rests on comparing DCN-lesioned and sham-lesioned birds. The authors claim that these two groups are different because sham-lesioned birds imitate the tutor with a p value of 0.04, while DCN-lesioned birds \"don\'t imitate\" with a p value of 0.06. This kind of egregious misuse of statistics is the reason many results published in the literature cannot be replicated! Comparing p values of two groups is simply not valid; for instance, these values could be different because of differences in sample sizes or differences in sample variances. The only way to compare two conditions is by comparing the data directly in a two-sided statistical test. Sorting the raw values in Figure 7F makes it clear that the two populations are not actually statistically different. Given the high quality of imitation in some of the DCN-lesioned birds, it appears that the opposite conclusion may be correct -- that DCN is not necessary for learning.

1e) It is inadequate to state in subsection "DCN lesion impairs song learning in juvenile zebra finches" that DCN lesions in adults had no effects on song and then not show any supporting data. Finding that the DCN only affects learning or also affects adult performance might be equally interesting. But not showing the data simply doesn\'t suffice here. Furthermore, because the BG are important neural sources of song motor variability necessary to vocal motor learning, we need to know whether trial to trial variability is affected by DCN lesions in either juvenile or adult birds. Adult DCN lesion data must be shown and analysis of motor effects (including CV of pitch) in juveniles and adults should be included. Adult pitch learning experiments would help this study a lot although they are not required.

Related to this, in some of the juveniles, the cerebellar lesions seem to not just block further learning but produce \*impairments\* relative to pretraining. In other words, not only do they stop learning, but they forget what they already learned or are unable to express it. Therefore, it would be useful to see an analysis of the birds' songs soon after the lesion, as well as many days later in the crystallized period.

1f) The authors acknowledge that effects of cerebellar lesions on non-song related motor impairments could have indirectly affected song learning, and that they will address this more specific lesions of cerebello-thalamic projections in future studies. In the meantime, to interpret the current results, it would be helpful to have more information about the behavior of the lesioned animals. Did they sing as many times per day between lesion and testing as the sham controls? This could affect the rate of learning. Also, it would be helpful to consider as controls any animals where the cerebellar lesions might have missed the lateral DCN target. Were there any animals with motor deficits, but which learned to sing ok?

2\) The specificity of the targeting of pharmacological manipulations and recordings to specific brain areas must be addressed. This set of concerns might be largely addressed by providing a consensus map of where recordings/injections were made relative to the boundaries of Area X, and by conducting control experiments to measure the spread of the inactivation from DTZ to DLM.

2a) The paper to some extent replicates earlier findings from Person et al. However, the anatomical data presented here are much less conclusive. One of the bigger problems is that injections into area X clearly spread into the surrounding tissue (Figure 1A). Because area X is surrounded by other basal ganglia structures, the resulting tracing might be entirely due to general motor-related (non-song) pathways from the cerebellum to the basal ganglia. Given the imprecision of these injections, this leads to the question of whether the reported electrophysiological recordings were in area X, or whether some of the recordings were similarly in the non-song parts of the basal ganglia.

2b) In demonstrating transmission through DTZ, the authors acknowledge that the drug could\'ve spilled into the nearby DLM. To control for this, they inactivate LMAN. However, unlike the thalamic nuclei, LMAN is very large, has variable stereotaxic coordinates across animals, and is non-trivial to inactivate in its entirety. No evidence is provided to show the completeness of these inactivations. To make matters worse, projections from LMAN to area X are topographic, so missing even a small part of LMAN could leave unaffected pockets of area X. It is reasonable to think that the authors are selectively hitting these pockets with their electrodes because they are using extracellular recordings that are biased toward particularly active cells.

2c) In several cases (e.g. Figure 5 and Figure 6) drug washout traces are profoundly different from control traces, raising the possibility that some of the observed effects are due to decreased health of the tissue or general condition of the animal under anesthesia.

2d) When the blockade of excitatory transmission at a given site reduces the effects of cerebellar stimulation at another site in the circuit, it could be because the signals from the cerebellum are transmitted through the nucleus where excitation was blocked. However, it also could be that the pharmacological manipulation has nonspecifically reduced the tonic drive to the site being recorded, making it less excitable, and hence less responsive to the cerebellar stimulation, even if that stimulation is not transmitted via the site of the pharmacological manipulation. One approach to address this might be to report effects of the pharmacological manipulation on the basal firing rate at the site of recording.

2e) The description of unit data collected from Area X could be improved, with caveats regarding cell type identification. The firing rates of their pallidal-like neurons are generally low, sometimes as low as 20 Hz, suggesting that they may include non pallidal-like neurons. It would be informative to show the raw spontaneous firing rate of the data so that one can know the rough estimate of the proportion of pallidal-like neurons in their data. It would be helpful if the authors could provide insight into the functional innervation of non-pallidal cells by the DCN, although I appreciate that this may be hard to pull out. Show more centrally targeted injections into Area X, as DTZ projection to surrounding striatum (outside of Area X) cannot be fully excluded by the example shown in Figure 1.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"A subcortical circuit linking the cerebellum to the basal ganglia engaged in vocal learning\" for further consideration at *eLife*. Your revised article has been reviewed by Andrew King (Senior Editor), a Reviewing Editor, and two reviewers.

This manuscript describes the functional anatomy supporting a cerebellar contribution to birdsong learning. Using electrical stimulation of the cerebellar deep nuclei, combined with single unit or multi-unit recording from different nuclei of the song system and pharmacological perturbations, the authors lay out a candidate pathway for the cerebellum to influence activity throughout the song learning circuitry. The manuscript has been extensively revised to address the comments raised in the previous review. However, there are some remaining issues that need to be addressed before acceptance, as outlined below in the reviewer comments. In particular, they would like you to address the issue of functional connectivity between LMAN and Area X.

Reviewer \#2:

The authors\' response to prior concerns is overall quite constructive and the manuscript is improved. I remain a bit underwhelmed by the effects of DCN lesions on song learning, but the additional analysis strengthens the conclusion that there is some (relatively weak) effect. Here I would point to Figure 7---figure supplement 2 where all the lesioned birds show, at least to my eye, more similarity to their respective tutors than they do to one another; and Figure 7---figure supplement 3B (mislabeled in the legend as F), where the ranges of the normalized similarity scores are almost completely overlapping. Again, I appreciate the extra work that the authors have done on this account, it just doesn\'t appear to be a very big effect (which is OK, perhaps the role of the DCN is more subtle than that of the basal ganglia, or DCN lesions can be somewhat compensated for by the rest of the song circuitry).

The adult behavioral experiments are a good addition. Although the effects do not reach significance, it does look like there is a similar trend in juveniles and adults where DCN lesions increase the mean and variance of syllable duration. I realize the adult effects do not achieve significance, but the trend is there nonetheless. I think that the authors are on track when they discuss the possibility that an acute insult to song timing could ultimately interfere with learning.

The physiology experiments are sound and the addition of the description of the gabazine experiments in Area X (relating to Figure 5G-I) substantially strengthen the conclusion that the DCN is functionally connected to Area X and can also influence downstream regions, including LMAN and RA. I would recommend that the authors state that the physiological recordings were made under (isoflurane) anesthesia when they begin to describe the results of these experiments (subsection "The connection from DCN to basal ganglia is functional"). I would also suggest that they qualify their findings in a similar manner when they discuss modulation of Area X by the DCN (Discussion section). It remains to be seen whether and how the DCN modulates activity in the cortico-basal ganglia network in singing birds.

I found this version of the manuscript somewhat harder to read than the original version, perhaps because of all the material that was added to satisfy reviewers\' concerns. The physiology section is quite long and although well done represents experimental variations on a common theme. If DCN can modulate pallidal cells, then the LMAN and RA effects are not too surprising. I am not recommending that these results be excluded, because they do show a DCN influence on premotor neurons, something that is arguably harder to demonstrate in rodents and primates. But I wonder whether the LMAN and RA data could be collapsed into a single figure?

The writing could use some work. I point out a few places where editing will help, but it would be good to subject the manuscript to a couple of rounds of tightening.

Reviewer \#3:

In this revised manuscript, Pidoux et al., have considerably expanded their investigation of how cerebellar circuits contribute to vocal learning in the zebra finch. Specifically, the authors have focused their attention on more careful quantification and analysis of behavior following acute cerebellar DCN lesions during the sensorimotor phase of song learning, now revealing a discrete effect of these lesions on syllable duration. These results are in line with the role of the cerebellum in regulating motor timing, and thus provide important insight into the specific contribution of cerebellar output to vocal learning that was absent in the initial submission. Based on these additional behavioral analyses, along with significant modifications to address previous technical concerns regarding electrode placement and pharmacological inactivation, the revised manuscript effectively accounts for my concerns that arose following the initial submission. By integrating another key component of the vocal learning circuitry into the network of well-studied cortical and basal ganglia circuits involved in song learning and identifying a role for cerebellar circuits in regulating how song timing is learned, this manuscript now represents a significant advance in the field of sensorimotor learning. I thus have only a few additional points:

1\) If DCN stimulation activates LMAN with short latency (Figure 5), and LMAN projects to Area X, why doesn\'t LMAN inactivation alter Area X pallidal neuron spiking in any way (Figure 4)? Is this because the specific pallidal cells that project to DLM (that can activate LMAN when silenced) don\'t receive input back from LMAN? Even if LMAN inputs primarily go to the medium spiny cells, shouldn\'t one expect some effect on Area X pallidal cell spiking? If this prediction is correct, then the data are concerning. If not, however, for those who do not specialize in birdsong circuitry, it would be extremely helpful to more explicitly articulate the rationale here, as the naïve prediction is that LMAN activity should impact Area X spiking, and thus Area X spiking should change when LMAN is inactivated.

10.7554/eLife.32167.026

Author response

\[Editors\' note: the authors' plan for revisions was approved and the authors made a formal revised submission.\]

> Essential revisions:
>
> 1\) All four reviewers agreed that the behavioral studies are where the greatest potential significance of the study lies and also where the experimental evidence, as presented, falls farther from the mark. Only 10 random songs were analyzed pre- and post-lesion and are summarized with a single similarity score. More extensive analysis of the behavioral results is crucial.

We agree with the reviewers that our initial analysis of song similarity was minimal and now extended it to strengthen the claim that the cerebellum significantly contributes to song learning. In detail, we have:

We have applied a recently published method for the analysis of song similarity between juvenile zebra finches and their tutor (Mandelblat-Cerf and Fee, 2014), in addition to our custom-based spectral cross-correlation analysis (now in Figure 7---figure supplement 3). We have also run the classical software developed by Tchernichovski et al. (SAT in Matlab) but given its lower sensitivity we chose to present only the results obtained with the method from Mandelblat-Cerf and Fee (2014). This analysis is now presented in Figure 7D-E-F, with a description of the associated methods in subsection "Song imitation analysis" and the results in subsection "DCN lesion impairs song learning in juvenile zebra finches".

The similarity analysis was applied to a larger data pool consisting in 50 to 100 song bouts (each including several song motifs) from two consecutive days in each condition. We have carefully curated this data set to avoid artefactual contamination of the data by any nonsong audio signal (cage noises, calls or any other vocal activity).

Most importantly, we now present a complementary analysis of the acute effects of DCN lesions on song (comparing song features such as duration, pitch or amplitude and their variability before and after lesion and at crystallization). This analysis is presented in Figure 8, Figure 8---figure supplement 1 and Figure 8---figure supplement 2, with the methods described in subsection "Song temporal features, fundamental frequency and amplitude analysis", and the results described in subsection "DCN lesions affects song temporal features in juvenile birds".

An important point to keep in mind at this stage is that DCN lesions were applied at 60 days post hatch (dph), which is in the middle of the sensorimotor learning period. We initially made this deliberate choice to be able to compare motif syllables before and after lesions (syllables tend to be hard to recognize before 60dph as the babbling birds do not display any repeated motif structure). However, part of the learning process has already occurred at that stage and an increase in similarity between 60dph and crystallization (90 dph) is surprisingly difficult to reveal using classical song analysis methods. Our attempts to perform lesions on younger birds were disappointing as mortality was very high among subjects. The integrity of the lateral DCN may be crucial in young bird for survival skills like seed cracking or perching.

> 1a) The authors lesion the DCN in juvenile birds using either chemical or electrolytic methods. They report that learning (copying?) of a tutor song is impaired by these lesions. Several problems arise, though, in part because they employ a novel analysis method in place of rather than in addition to acoustic analysis methods that are standard in the field (i.e., SAP). It is unclear how they calculated similarity score (is it the peak of the cross-correlation, as suggested in subsection "DCN lesion impairs song learning in juvenile zebra finches", or is it really the sum of the cross-correlation as shown in subsection "Song analysis"? In either case, if the score is based on the simple normalized cross correlation, it would be difficult to interpret their data because the score can be very low when juveniles improvise the gap/syllable durations or syllable orders, which often happens in normal zebra finches. A parallel analysis of song data using more established methods and showing more examples of spectrograms of the adult songs of birds with juvenile DCN lesions would be necessary for reviewers and other readers to assess the significance of the behavioral outcomes. The authors should also show the raw similarity score at 60 dph because there should be large variability in learning already at the age, which could significantly affect the normalized similarity score at 90 dph.

We have applied a recently published method for the analysis of song similarity between juvenile zebra finches and their tutor (Mandelblat-Cerf and Fee, 2014), in addition to our custom-based spectral cross-correlation analysis (now in Figure 7---Figure supplement 3). We have also run the classical software developed by Ofer Tchernichovski and colleagues (SAT in Matlab) but given its lower sensitivity we chose to present only the results obtained with the method from Mandelblat-Cerf and Fee, (2014). This analysis is now presented in Figure 7D-E-F, with a description of the associated methods in subsection "Song temporal features, fundamental frequency and amplitude analysis" and the results in subsection "DCN lesion impairs song learning in juvenile zebra finches".

We have also added a supplementary figure with several example spectrograms of the adult songs of birds with juvenile DCN lesions (Figure 7---Figure supplement 2).

> 1b) Is there a specific contribution of this cerebellar circuit to vocal learning? In the final figure, the authors demonstrate that lesions of the cerebellar dentate nucleus impair the ability of juvenile birds to copy their tutor\'s song using a similarity score metric. It is unclear, however, whether there are any specific differences in the learned song resulting from cerebellar lesion that would not be seen by lesioning other brain areas involved in song learning. The manuscript would be greatly enhanced if the authors could perform further analyses designed to identify whether any discrete song features are selectively impaired by cerebellar lesions. For example, is there any specific temporal or pitch-related deficit in song production following tutoring? Is the trajectory of learning altered? Is there any evidence based on learning trajectory that learning is simply slowed, and thus incomplete at the time of measurement? Such information would be extremely valuable in order to compare these experiments with the learning deficits that result from lesions to other brain areas involved in vocal learning and could help guide meaningful hypotheses about the specific role of cerebellum in vocal learning.

We have now included the analysis of the acute effects of DCN lesions on discrete song features including fundamental frequency (also called pitch), duration and sound amplitude. We have compared the changes undergone by these song features before and after surgery, with multiple time points following surgery to account for transient and long-term effect of lesions. We also report the value of these features at crystallization, to determine the learning trajectory and how it is affected by the lesions. This analysis is presented in Figure 8, Figure 8---figure supplement 1 and Figure 8---figure supplement 2, with the methods described in subsection "Song temporal features, fundamental frequency and amplitude analysis", and the results described in subsection "DCN lesions affects song temporal features in juvenile birds".

The main result of this analysis is that syllable duration is acutely affected by DCN lesion. This effect may help understanding how the cerebellum contributes to song learning: with fine adjustment of syllable duration, in line with the well documented role of the cerebellum in motor timing. The learning trajectory for syllable duration seems to be affected in juveniles with a DCN lesion as well, as the change in duration between surgery and crystallization is greater in the sham group than in the lesion group (see subsection "DCN lesions affects song temporal features in juvenile birds"). As lesions were made relatively late in the learning process, the evolution of song between 55-60 dph (lesions) and 90 dph (crystallization) is relatively small and intermediate time points were therefore not included.

> 1c) The description of the timing of the DCN lesions is critical to interpreting what type of learning -- sensory versus sensorimotor -- the DCN may be contributing to. The timeline in Figure 7 suggests that DCN lesions may be made late enough in development to largely affect song copying rather than tutor song memorization. Language in the Results section and Discussion section should be precise when referring to song copying versus sensory learning. The authors should discuss whether their experimental design allows them to assign the effects of DCN lesions more exclusively to song copying. This is a place where more description of the experimental design in the results would help a general audience.

We agree with the reviewers that we did not emphasize sufficiently this aspect of the protocol in the previous version of our manuscript. Lesions were purposefully performed after the end of the sensory learning period, and our results do not infer any function of cerebellar circuit in the sensory learning process (memorization of tutor song). Rather, we are probing the role of the cerebellum in the sensorimotor (song copying) process. We have now highlighted this point in the Results section before describing the behavioral effects of the lesions, and in the Discussion section.

> 1d) The central conclusion of the paper -- that DCN is involved in song learning -- rests on comparing DCN-lesioned and sham-lesioned birds. The authors claim that these two groups are different because sham-lesioned birds imitate the tutor with a p value of 0.04, while DCN-lesioned birds \"don\'t imitate\" with a p value of 0.06. This kind of egregious misuse of statistics is the reason many results published in the literature cannot be replicated! Comparing p values of two groups is simply not valid; for instance, these values could be different because of differences in sample sizes or differences in sample variances. The only way to compare two conditions is by comparing the data directly in a two-sided statistical test. Sorting the raw values in Figure 7F makes it clear that the two populations are not actually statistically different. Given the high quality of imitation in some of the DCN-lesioned birds, it appears that the opposite conclusion may be correct -- that DCN is not necessary for learning.

We agree with the reviewers that our interpretation of the statistical test was, in retrospect, misleading. We believe that conducting an additional similarity analysis (from Mandelblat-Cerf et al., 2014) has strengthened our point that the effect of DCN lesion on juvenile song imitation is significant. To reveal this effect by comparing the lesion group to the sham group, we had to separate the lesion group in two: birds with significant lesions (\<75% lateral DCN left) and birds with very small lesions (\>75% left). This allowed us to exclude 3 birds that had a very small lesion from the similarity analysis, and that led to a significant difference in the imitation score between the large lesion group and the sham group. In addition to the correlation between lesion size and imitation score (both in our custom-made analysis of similarity and in the Mandelblat-Cerf and Fee method), we believe that these results now strongly support a role of the cerebellum in juvenile song learning.

> 1e) It is inadequate to state in subsection "DCN lesion impairs song learning in juvenile zebra finches" that DCN lesions in adults had no effects on song and then not show any supporting data. Finding that the DCN only affects learning or also affects adult performance might be equally interesting. But not showing the data simply doesn\'t suffice here. Furthermore, because the BG are important neural sources of song motor variability necessary to vocal motor learning, we need to know whether trial to trial variability is affected by DCN lesions in either juvenile or adult birds. Adult DCN lesion data must be shown and analysis of motor effects (including CV of pitch) in juveniles and adults should be included. Adult pitch learning experiments would help this study a lot although they are not required.
>
> Related to this, in some of the juveniles, the cerebellar lesions seem to not just block further learning but produce \*impairments\* relative to pretraining. In other words, not only do they stop learning, but they forget what they already learned or are unable to express it. Therefore, it would be useful to see an analysis of the birds songs soon after the lesion, as well as many days later in the crystallized period.

We have now included the analysis of the acute effects of DCN lesions on discrete song features and their variability, including fundamental frequency (also called pitch), duration and sound amplitude. We have compared the changes undergone by these song features and their variability before and after surgery both in adults and juveniles. All the data is now shown either in the main figures (Figure 8) or in the supplements (Figure 8---figure supplement 1 and Figure 8---figure supplement 2). To highlight transient and long-term effects of the lesion, we included multiple time points following surgery and also report the value of these features and their CV at crystallization. This analysis is presented in Figure 8, Figure 8---figure supplement 1 and Figure 8---figure supplement 2, with the methods described in subsection "Song temporal features, fundamental frequency and amplitude analysis", and the results described in subsection "DCN lesions affects song temporal features in juvenile birds".

The main result of this analysis is that syllable duration is acutely affected by DCN lesion while fundamental frequency and amplitude, or their variability, are not affected. This effect may help understanding how the cerebellum contributes to song learning: with fine adjustment of syllable duration, in line with the well documented role of the cerebellum in motor timing. The learning trajectory for syllable duration seems to be affected in juveniles with a DCN lesion as well, as the change in duration between surgery and crystallization is greater in the sham group than in the lesion group (see subsection "DCN lesions affects song temporal features in juvenile birds"). As lesions were made relatively late in the learning process, the evolution of song between 60dph (lesions) and 90dph (crystallization) is relatively small and intermediate time points were therefore not included.

> 1f) The authors acknowledge that effects of cerebellar lesions on non-song related motor impairments could have indirectly affected song learning, and that they will address this more specific lesions of cerebello-thalamic projections in future studies. In the meantime, to interpret the current results, it would be helpful to have more information about the behavior of the lesioned animals. Did they sing as many times per day between lesion and testing as the sham controls? This could affect the rate of learning. Also, it would be helpful to consider as controls any animals where the cerebellar lesions might have missed the lateral DCN target. Were there any animals with motor deficits, but which learned to sing ok?

We agree that side-effects (non-song-specific) of the lesions could make the interpretation of the data more difficult. We have now included a quantification of the rate of singing in all animals following lesion (or sham surgery in sham birds), and we did not find any significant effect of the DCN lesion of the rate of singing following surgery. This result is represented in Figure 7---Figure supplement 1. Our extensive analysis of song imitation now reveals that the 3 birds with very small lesion sizes (\>75% lateral DCN left) tend to have a better similarity score and had to be excluded from the lesion group to reveal a significant difference with the sham group. We believe that this segregation between large and small lesions, in combination with our analysis of the correlation between lesion size and similarity, is now clearly showing that birds with smaller DCN lesions have little effect on song imitation. We did not quantify general motor deficit (difficult as there is no clear clinical rating for these birds) in these birds however.

> 2\) The specificity of the targeting of pharmacological manipulations and recordings to specific brain areas must be addressed. This set of concerns might be largely addressed by providing a consensus map of where recordings/injections were made relative to the boundaries of Area X, and by conducting control experiments to measure the spread of the inactivation from DTZ to DLM.

As suggested by reviewers, we have now added a consensus map of where recordings were performed in Area X (Figure 9A). Moreover, we did a control experiment quantifying the typical distance for the diffusion of NBQX/APV. To facilitate this control, we quantified the percentage of response in Area X following drug injection at different distance from the recorded neurons. Results are summarized in Figure 9C and we refer to this experiment in the subsection Pharmacology".

> 2a) The paper to some extent replicates earlier findings from Person et al. However, the anatomical data presented here are much less conclusive. One of the bigger problems is that injections into area X clearly spread into the surrounding tissue (Figure 1A). Because area X is surrounded by other basal ganglia structures, the resulting tracing might be entirely due to general motor-related (non-song) pathways from the cerebellum to the basal ganglia. Given the imprecision of these injections, this leads to the question of whether the reported electrophysiological recordings were in area X, or whether some of the recordings were similarly in the non-song parts of the basal ganglia.

We apologize for the confusion due to the bad placement of the CTB injection in Area X. We now provide additional data confirming X-specific projection of DTZ neurons. Unfortunately, our recent CTB-labelling experiment were inconclusive (due to low fluorescence levels), but we replicated the experiment with classical dextran-conjugated dyes to confirm the DTZ-X projection of neurons in close proximity of cerebellar projections. Most importantly, a recent paper by the group of S Sober has very nicely and carefully replicated the finding by Person et al., with more sophisticated and precise techniques for anatomical tracing. Given that this is now published, we do not believe that additional anatomical tracing would add value to the present manuscript.

We would like to emphasize that this bad placement in one anatomical experiment does not question our general ability to locate Area X however. Importantly, we found a response to DCN stimulation in all pallidal cells recorded on an experiment where DCN stimulation could trigger at least one response, so it is virtually impossible that DCN stimulation could evoke a response outside of Area X but not in X. And histological reconstruction of the electrode penetration trajectories allowed confirmation of the location of recording sites in Area X.

> 2b) In demonstrating transmission through DTZ, the authors acknowledge that the drug could\'ve spilled into the nearby DLM. To control for this, they inactivate LMAN. However, unlike the thalamic nuclei, LMAN is very large, has variable stereotaxic coordinates across animals, and is non-trivial to inactivate in its entirety. No evidence is provided to show the completeness of these inactivations. To make matters worse, projections from LMAN to area X are topographic, so missing even a small part of LMAN could leave unaffected pockets of area X. It is reasonable to think that the authors are selectively hitting these pockets with their electrodes because they are using extracellular recordings that are biased toward particularly active cells.

We agree with the reviewers that pharmacological effects are unlikely to spread into the whole volume of LMAN. In fact, we now show that the drug spread is around 200 μm. While this diffusion distance is smaller than LMAN radius (250-350 μm), it is not very far from it and we therefore believe that drug injections have exerted an influence on a substantial part of the nucleus.

Moreover, several indications can rule out such a drastic "missing" of LMAN as an important relay of responses in Area X. First of all, our extracellular recordings are not biased toward responsive cells (responding to DCN stimulation), but toward spontaneously active cells, in particular the ones with spontaneous activity \>25Hz (hypothesized to be pallidal cells). Blocking excitation within LMAN (the manipulation we apply) does not change much the local spontaneous activity (result provided in Figure 10). Moreover, the spontaneous activity of LMAN neurons is not the main drive of pallidal spontaneous activity (these are spontaneously active in a slice). Thus, it is very unlikely that blocking excitation in LMAN significantly affects the spontaneous activity of Area X neurons. Regarding the topography of the projection, we agree that pharmacological manipulation in a small volume in LMAN will only perturb transmission to a small zone in Area X. However, we have shown that our injections cover a significant part of LMAN. Finally, our ability to block LMAN responses by pharmacologically blocking excitation in Area X (bigger than LMAN) with the same technique suggest that the reverse should be just as plausible.

> 2c) In several cases (e.g. Figure 5 and Figure 6) drug washout traces are profoundly different from control traces, raising the possibility that some of the observed effects are due to decreased health of the tissue or general condition of the animal under anesthesia.

We agree with the reviewers that washout traces often differ from control traces. While the main characteristics of the responses were recovered in the washout (polarity, overall strength, latency of the first response), it is very common that the washout process is progressive and displays different dynamics for the various phases of the response. We believe that such slow and inhomogeneous recovery should be expected from a high concentration drug solution expelled from a single site and slowly diffusing into the target nucleus before being slowly washed out. There is no reason to believe that the drug washout is homogenous over the extent of the target nucleus, and inhomogeneity in the spatial extent of drug concentration itself may explain the different shapes of washout responses. We do not believe that differences in the specific response profiles between washout and control impair the interpretation of our results, if the main characteristics of the response are conserved (again: polarity, overall strength, latency of the first response).

Importantly, responses to DCN stimulation could be sustained for several hours in many neurons, and effects of the general condition of the animal under anesthesia typically impact spontaneous activity as strongly as the response to stimulation. We now provide a detailed analysis of spontaneous activity during control, drug condition and washout for each pharmacological manipulation (Figure 10) and refer to this experiment in the subsection "Pharmacology".

> 2d) When the blockade of excitatory transmission at a given site reduces the effects of cerebellar stimulation at another site in the circuit, it could be because the signals from the cerebellum are transmitted through the nucleus where excitation was blocked. However, it also could be that the pharmacological manipulation has nonspecifically reduced the tonic drive to the site being recorded, making it less excitable, and hence less responsive to the cerebellar stimulation, even if that stimulation is not transmitted via the site of the pharmacological manipulation. One approach to address this might be to report effects of the pharmacological manipulation on the basal firing rate at the site of recording.

We agree with the reviewers that a reduced spontaneous drive to a neuronal population could affect their ability to respond to a different set of inputs. To resolve this issue, we now provide a detailed analysis of spontaneous activity during control, drug condition and washout for each pharmacological manipulation (Figure 10) and we refer to this experiment in the subsection "Pharmacology".

> 2e) The description of unit data collected from Area X could be improved, with caveats regarding cell type identification. The firing rates of their pallidal-like neurons are generally low, sometimes as low as 20 Hz, suggesting that they may include non pallidal-like neurons. It would be informative to show the raw spontaneous firing rate of the data so that one can know the rough estimate of the proportion of pallidal-like neurons in their data. It would be helpful if the authors could provide insight into the functional innervation of non-pallidal cells by the DCN, although I appreciate that this may be hard to pull out. Show more centrally targeted injections into Area X, as DTZ projection to surrounding striatum (outside of Area X) cannot be fully excluded by the example shown in Figure 1.

We now provide the distribution of spontaneous firing rate of recorded neurons in Area X (Figure 9B). Unfortunately, we were not able to perform the initially suggested supplementary experiments to juxtacellular label of recorded cells in Area X. However, given the unimodal distribution of spontaneous firing rates, we believe that we have recorded from a homogeneous population corresponding to pallidal neurons. the strongly bimodal distribution of spontaneous activity observed in our recording (see Materials and methods section) and the relative scarcity of neurons displaying a low spontaneous activity in the song-related basal ganglia nucleus (Farries and Perkel, 2002), our dataset is likely to contain mostly if not only pallidal neurons. A contribution from a small fraction of spontaneous striatal interneurons cannot, however, be ruled out in the absence of post-hoc histological verification of the recorded cell type. We have added a sentence in the discussion to highlight the fact that we cannot confirm the nature of the recorded neurons (subsection "Similarities and differences between the cerebello-thalamo-basal ganglia pathways of mammals and songbirds").

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> This manuscript describes the functional anatomy supporting a cerebellar contribution to birdsong learning. Using electrical stimulation of the cerebellar deep nuclei, combined with single unit or multi-unit recording from different nuclei of the song system and pharmacological perturbations, the authors lay out a candidate pathway for the cerebellum to influence activity throughout the song learning circuitry. The manuscript has been extensively revised to address the comments raised in the previous review. However, there are some remaining issues that need to be addressed before acceptance, as outlined below in the reviewer comments. In particular, they would like you to address the issue of functional connectivity between LMAN and Area X.
>
> Reviewer \#2:
>
> The authors\' response to prior concerns is overall quite constructive and the manuscript is improved. I remain a bit underwhelmed by the effects of DCN lesions on song learning, but the additional analysis strengthens the conclusion that there is some (relatively weak) effect. Here I would point to Figure 7---figure supplement 2 where all the lesioned birds show, at least to my eye, more similarity to their respective tutors than they do to one another; and Figure 7---figure supplement 3B (mislabeled in the legend as F), where the ranges of the normalized similarity scores are almost completely overlapping. Again, I appreciate the extra work that the authors have done on this account, it just doesn\'t appear to be a very big effect (which is OK, perhaps the role of the DCN is more subtle than that of the basal ganglia, or DCN lesions can be somewhat compensated for by the rest of the song circuitry).

We agree with reviewer \#2 that the effect of our DCN lesion on song learning, although significant, are relatively weak, in particular compared to effects induced by lesions in other parts of the song system. We would like however to highlight that given the non-specific and convergent circuits running through the DCN, we had to limit our lesions and most animals received lesion that left at least half of the lateral DCN intact, leaving lots of room for compensation. We tempered our conclusions with respect to the cerebellar contribution to song learning and highlighted possible compensatory mechanisms in the Results section and Discussion section. In particular, we changed the partial conclusion in subsection "DCN lesion impairs song learning in juvenile zebra finches", which now clearly acknowledges the subtle behavioral effects:

"In conclusion, partial lesions in the lateral DCN induced a subtle but significant effect on the song acquisition process in juvenile zebra finches, providing evidence that the cerebellum contributes to song learning."

We also shortened and simplified the discussion concerning small lesion size and possible compensation in subsection "Involvement of the cerebellum in timing processing":

"Given the relatively small extent of the lesions performed and that other circuits in the song system may compensate for the effect of DCN lesions, we cannot exclude a cerebellar contribution to fundamental frequency."

We changed the name of the Figure 7---figure supplement 3F to Figure 7---figure supplement 3B.

> The adult behavioral experiments are a good addition. Although the effects do not reach significance, it does look like there is a similar trend in juveniles and adults where DCN lesions increase the mean and variance of syllable duration. I realize the adult effects do not achieve significance, but the trend is there nonetheless. I think that the authors are on track when they discuss the possibility that an acute insult to song timing could ultimately interfere with learning.

We would like to thank the reviewer to highlight this similarity and to suggest making the parallel, as we indeed believe that the same mechanism may be at play, although not reaching significance in adults. We now explicitly refer to the similar trend in subsection "DCN lesions affect song temporal features in juvenile birds":

"In adult birds, the effect of DCN lesions on syllable duration did not reach significance, although a similar trend to increase the relative change in syllable duration compared to sham was observed (Figure 7---figure supplement 2A-B, Wilcoxon test, non-significant, see Table2 for detailed statistical value)."

> The physiology experiments are sound and the addition of the description of the gabazine experiments in Area X (relating to Figure 5G-I) substantially strengthen the conclusion that the DCN is functionally connected to Area X and can also influence downstream regions, including LMAN and RA. I would recommend that the authors state that the physiological recordings were made under (isoflurane) anesthesia when they begin to describe the results of these experiments (subsection "The connection from DCN to basal ganglia is functional"). I would also suggest that they qualify their findings in a similar manner when they discuss modulation of Area X by the DCN (Discussion section). It remains to be seen whether and how the DCN modulates activity in the cortico-basal ganglia network in singing birds.

We now explicitly refer to the anaesthetized state of the animal in the paragraph concerning responses to stimulation in subsection "The connection from DCN to basal ganglia is functional":

"We then determined whether this DCN-DTZ-Area X pathway drives activity within the basal ganglia. To this end, we investigated the responses evoked by DCN electrical stimulation in Area X neurons in anaesthetized zebra finches."

Moreover, in the following sentence we clarify the type of anesthesia: "Most neurons are silent or display very little spontaneous activity in Area X under isoflurane anesthesia" (subsection "The connection from DCN to basal ganglia is functional").

Finally, in the Discussion section, we also remind readers that we were working under anesthesia "Our data establish a functional excitatory projection from the lateral part of the DCN to the song-related basal ganglia nucleus Area X via a thalamic relay in DTZ in anaesthetized zebra finches."

> I found this version of the manuscript somewhat harder to read than the original version, perhaps because of all the material that was added to satisfy reviewers\' concerns. The physiology section is quite long and although well done represents experimental variations on a common theme. If DCN can modulate pallidal cells, then the LMAN and RA effects are not too surprising. I am not recommending that these results be excluded, because they do show a DCN influence on premotor neurons, something that is arguably harder to demonstrate in rodents and primates. But I wonder whether the LMAN and RA data could be collapsed into a single figure?

We have revised the whole manuscript and tried our best to clarify and streamline our presentation of the results and the discussion, which had been extensively revised, sometime making the reading more difficult, as pointed out here.

We agree with reviewer \#2 that the physiology section is quite long and contains repetitive results. We have now grouped results concerning responses in LMAN and RA, to DCN stimulation together in one single figure (now represented in Figure 5). As consequences, all figures after Figure 5 were also renamed references corrected all along the main text.

> The writing could use some work. I point out a few places where editing will help, but it would be good to subject the manuscript to a couple of rounds of tightening.

We thank reviewer \#2 for this careful editing of our manuscript and have made the suggested changes, as detailed here below. And awe revised the manuscript to the best of our ability to clarify the text, as indicated above.

> Reviewer \#3:
>
> In this revised manuscript, Pidoux et al., have considerably expanded their investigation of how cerebellar circuits contribute to vocal learning in the zebra finch. Specifically, the authors have focused their attention on more careful quantification and analysis of behavior following acute cerebellar DCN lesions during the sensorimotor phase of song learning, now revealing a discrete effect of these lesions on syllable duration. These results are in line with the role of the cerebellum in regulating motor timing, and thus provide important insight into the specific contribution of cerebellar output to vocal learning that was absent in the initial submission. Based on these additional behavioral analyses, along with significant modifications to address previous technical concerns regarding electrode placement and pharmacological inactivation, the revised manuscript effectively accounts for my concerns that arose following the initial submission. By integrating another key component of the vocal learning circuitry into the network of well-studied cortical and basal ganglia circuits involved in song learning and identifying a role for cerebellar circuits in regulating how song timing is learned, this manuscript now represents a significant advance in the field of sensorimotor learning. I thus have only a few additional points:
>
> 1\) If DCN stimulation activates LMAN with short latency (Figure 5), and LMAN projects to Area X, why doesn\'t LMAN inactivation alter Area X pallidal neuron spiking in any way (Figure 4)? Is this because the specific pallidal cells that project to DLM (that can activate LMAN when silenced) don\'t receive input back from LMAN? Even if LMAN inputs primarily go to the medium spiny cells, shouldn\'t one expect some effect on Area X pallidal cell spiking? If this prediction is correct, then the data are concerning. If not, however, for those who do not specialize in birdsong circuitry, it would be extremely helpful to more explicitly articulate the rationale here, as the naïve prediction is that LMAN activity should impact Area X spiking, and thus Area X spiking should change when LMAN is inactivated.

We agree with reviewer \#3 that it can be somewhat surprising not to see a significant effect of LMAN inactivation on Area X responses to DCN stimulation as we have shown that stimulation effects propagate through the BG-cortical loop and evoked excitation in LMAN. Several reasons could explain this lack of effect. Firstly, fast responses are a minority in LMAN and most responses are quite late (latencies \>100ms) so it is likely that most excitatory feedback to X due to propagation along the loop only arrives in Area X after the end of its first excitatory response. It is therefore unlikely to contribute to the peak response observed in Area X as it is not synchronized with the main (first-hand) response). As indicated in subsection "Data analysis", the response strength used for quantification over the population of responding neurons only reflects the strength of the first excitation peak. Therefore, reverberation through the loop, which may induce a much slower excitation in pallidal neurons, does not contribute. Secondly, LMAN will induce a mix of excitation (direct excitation of pallidal neurons by LMAN projection neurons) and inhibition (through feedforward inhibition in Area X), and the sum of these effects may add-up to a very small global effect if it mixes up due to the various timing involved. Finally, we see a reduction in all but one pallidal neurons, which is very small and not significant, but may indicate that some small reverberated activity through LMAN contributes (only slightly) to the measured response strength. We modified the results to explain the lack of effect on Area X response strength and peak.

"While LMAN does not appear to mediate the main response to DCN stimulation in Area X pallidal neurons, it may participate to a reverberation of the responses through the Area X -- DLM -- LMAN loop. In this respect, is interesting to note that all but one pallidal neurons underwent a slight decrease in their response upon glutamatergic blockade in LMAN, possibly reflecting a reduced reverberation in the loop. As the measured response strength only reflects the first peak of excitatory response in Area X, the slow response mediated by the propagation through the loop is unlikely to provide an important contribution to this measure (see Methods)." (subsection "LMAN does not mediate Area X responses to DCN stimulation")
